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ABSTRACT 
Henry H. Shin: Transcutaneous nerve bundle stimulation for dexterous hand grasp patterns: 
Development and exploration of an alternative stimulation method 
(Under the direction of Xiaogang Hu)  
Impairment of the hand following a neurological injury such as stroke is a major 
contributing factor to the loss of independence and self-sufficiency. Neuromuscular Electrical 
Stimulation (NMES) is a widely utilized technique to help alleviate lost muscle strength by 
electrically eliciting muscle contractions. However, conventional NMES applied directly over 
the muscle belly often faces various limitations, which prevent long-term use and efficacy. 
Traditional NMES techniques induce rapid muscle fatigue due to non-physiological activation of 
fibers resulting in a decline of muscle force. For the hand, stimulation at the skin surface 
typically only activates the superficial extrinsic hand muscles, leading to limited multi-joint 
control. To overcome these limitations, we sought to develop an alternative stimulation 
technique that used a high-density surface electrode array to directly target major nerve bundles 
at a location more proximal to the muscles. First, we designed an automated stimulation 
paradigm to characterize the different patterns of finger flexion elicitable via the nerve 
stimulation method. Randomized pairs in the electrode array were used to search for the best 
stimulation locations. We demonstrated that the nerve stimulation can generate a variety of 
single and multi-finger flexion patterns, with selective sets of nerve fiber activation and high 
activation redundancy. Secondly, we compared the force sustainability of the proximal nerve 
stimulation with conventional muscle belly stimulation. We found that, with prolonged force-
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matched stimulations, the proximal nerve stimulation technique can significantly delay the 
decline of force production over time, which allowed us to elicit sustained muscle force output. 
Lastly, we investigated the ability of the proximal nerve stimulation to activate both the 
superficial and deep extrinsic finger flexors. We obtained ultrasound images of the cross section 
of the flexor muscles in the forearm, and image deformation was used as a surrogate measure of 
muscle contraction. We found that superficial and deep muscles could be separately or 
concurrently activated. Overall, this work demonstrated the appealing features of our nerve 
stimulation method in selectively recruiting different finger flexor muscles with sustained 
activation. The outcomes also lay the theoretical foundation for further development of proximal 
nerve stimulation as an alternative approach for effective hand rehabilitation.
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CHAPTER 1 : INTRODUCTION 
The hand is a complex biomechanical system which is essential to our daily lives for its 
versatility in grasping and holding objects. Although we may be far removed from the days of 
stone tools and wooden spears, the uses of the hand in the modern age are still just as varied, if 
not even more nuanced. From using utensils for food or holding a mug of coffee to unlocking 
doors and typing out emails, the use of ours hands and fingers is the primary way we interact and 
communicate with the world. Overall, the functions of the hand can be simplified into two major 
categories [1]. The first and most common daily use of the hand is for grasping with multiple 
fingers and larger forces, such as with holding a door handle or a steering wheel. The second use 
is those which require precise, sophisticated movement of the individual fingers, such as when 
playing an instrument or typing on a keyboard. In practice, however, the functions of the hand 
are a continuum between these two categories allowing for any number of combinations which 
require fine movements of individual fingers or larger forces for holding or pinching objects. At 
a basic level, the thumb and four fingers individually have many degrees of freedom and can be 
controlled with multiple different muscles. This flexibility and redundancy are the core aspects 
of the hand that give rise to its many diverse functions. 
However, in contrast to the hand’s breadth of capabilities, the loss of hand function is 
also greatly debilitating and can prevent the completion of simple daily activities. Various 
injuries to the central and peripheral nervous systems can result in hand impairment, leading to a 
reduction in personal independence and self-sufficiency. Although a wide array of interventions 
has been developed in order to help restore this lost function, rehabilitation of the hand is still a 
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daunting challenge due to the complexities of the systems involved. To help frame the 
motivations of our work, this chapter will primarily provide an overview of the biomechanical 
and neural systems of the hand, as well as the various existing methods of rehabilitation. 
Following these sections, the remainder of this chapter will highlight the uses of electrical 
stimulation for functional restoration and the basis of our alternative stimulation approach. 
Biomechanics and Neural Control of the Hand 
The anatomy of the musculoskeletal system involved in the hand is one of the most 
complex in the body [2]. The bones of the hand are situated at the distal end of the ulna and 
radius and start with the 8 small carpal bones of the wrist connected to the metacarpal bones. 
Each digit has a set of metacarpal bones within the palm, which then connect to the phalanges. 
The thumb has only a proximal and distal phalanx, whereas the other fingers each have a 
Figure 1.1: Anterior view of the bones in the hand (Gray’s Anatomy, 2016) 
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proximal, intermediate and distal phalanx (Figure 1.1). The joints of the hand are named by the 
bones they connect, and so the first, most proximal, joint is the carpometacarpal (CMC) joint of 
the digits, but practically, only the thumb has a mobile CMC joint. The CMC joint of the thumb 
allows for flexion/extension of the thumb in the plane of the hand and abduction/adduction in the 
plane perpendicular to the hand. A combination of these movements allows for the opposition of 
the thumb, which is one of its most crucial uses so that an object can be held between the thumb 
and the other fingers. Further distal are the metacarpophalangeal (MCP) joints where the digits 
meet the hand to form the knuckles. The MCP joint allows for biaxial movements of each finger 
Figure 1.2: Intrinsic Muscles of the Hand (OpenStax Anatomy and Physiology, 2016) 
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in any combination of flexion/extension and abduction/adduction. The remaining fingers have 
both proximal and distal interphalangeal (PIP and DIP) joints, while the thumb has a single 
interphalangeal (IP) joint. All the IP joints only allow uniaxial movement of flexion or extension. 
This combination of prehensile joints and multiple degrees of freedom enables a variety of 
positions of the fingers and hand. 
Controlling these many degrees of freedom also requires the coordination of many 
different skeletal muscles. The muscles of the hand can be divided into two main groups: the 
intrinsic muscles in the hand itself (Figure 1.2), and the extrinsic muscles in the forearm (Figure 
1.3). The intrinsic muscle groups are the thenar muscles, which control the flexion and abduction 
of the CMC and MCP joints of the thumb; the dorsal interossei which act to abduct the fingers 
Figure 1.3: Extrinsic Flexors of the Hand (American Society for Surgery of the Hand, assh.org) 
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away from the middle finger; the palmar interossei which adduct the fingers; the lumbricals 
which flex the MCP joints; and the hypothenar muscles which control the flexion and abduction 
of the MCP joint of the pinky. In addition to these functions, the interossei and lumbricals 
together help flex the MCP joint, while also extending the PIP and DIP joints of the fingers. 
The main muscle bellies of the extrinsic muscle groups are in the forearm and act on the 
fingers through long tendons that insert into the different phalanges. The fingers have two long 
flexors on the anterior side of the forearm, the more superficial flexor digitorum superficialis 
(FDS), and the deeper flexor digitorum profundus (FDP). Both extrinsic finger flexor muscles 
are multi-compartmented and terminate into 4 separate tendons, one for each finger. The FDS 
tendons specifically attach to the intermediate phalanges, while the FDP tendons attach to the 
distal phalanges. The major wrist flexors, the flexor carpi radialis (FCR) and the flexor carpi 
ulnaris (FCU), are also extrinsic muscles which flex the wrist and produce radial and ulnar 
deviation, respectively. On the posterior side of the forearm, the extrinsic extensor muscles are 
much more varied and mainly control the extension of the digits and the wrist. The extensor 
digitorum communis is the major extensor of the fingers. 
Although the above descriptions paired most muscles with a specific joint or function, 
many of the muscles and tendons are biomechanically and neurally coupled so that complete 
isolation of a movement is not typically possible (termed force enslaving) [3,4]. Adjacent 
compartments of multi-tendoned muscles may transmit force to adjacent compartments, leading 
to mechanically linked movement in the adjacent digits [5,6]. Additionally, even within a single 
finger, the various muscles and tendons of the hand are highly redundant and can affect multiple 
joints. For example, activation of the FDP muscle has been shown to be able to flex all the 
different finger joint levels as the forces are also transmitted to the proximal and intermediate 
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phalanges as it contracts [7]. In addition to biomechanical constraints, motor units can commonly 
innervate muscle fibers of adjacent muscle compartments which transmit force to two different 
fingers [8,9]. While these constraints may limit the full independence of the fingers and joints, 
they also enable a more simplified control schema for multi-fingered grasps. Despite these 
considerations, the hand is nonetheless highly capable of both grouped grasping and individuated 
finger movements, which lends insight into the further complexity of the neural mechanisms of 
control. 
The muscles of the hand are innervated by three main nerve bundles: the median, ulnar, 
and radial nerves. Together, the median and ulnar nerves mainly act on the finger and wrist 
flexors. The median nerve primarily innervates the functional groups of muscles which control 
the thumb, index and middle fingers. It also innervates the FCR and pronator muscles, so 
selective activation of the median nerve can also radially deviate the wrist and pronate the 
forearm. The ulnar nerve primarily innervates the ulnar half of the hand including the ring and 
pinky flexors, and the FCU for wrist flexion and ulnar deviation. The radial nerve first branches 
into the triceps brachii and the brachioradialis of the upper arm. More distally, the radial nerve 
innervates the different finger and wrist extensors. These three main nerves of the hand originate 
from the brachial plexus, which in turn is formed by the C5-C8 and T1 spinal nerves. In the 
spinal cord, the motoneuron pools for each muscle are synapsed by the descending upper motor 
neurons in the corticospinal tract. These cortico-motoneurons all originate from the hand specific 
region within the primary motor cortex (M1). 
Within M1, the organization of the M1 neurons is both divergent from single neurons to 
multiple muscles and convergent from multiple regions of neurons onto individual muscles. Both 
paradigms allow for the flexibility of neural control needed for the hand. The divergence of 
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single neurons to multiple muscles occurs mainly in the spinal cord and can be seen by the short-
term synchronization of motor unit firings between different muscles [10,11]. This 
synchronization arises from different motor units receiving common neural drive, thereby 
suggesting that some descending corticomotoneuronal axons from M1 are branching into various 
spinal motoneuron pools of the hand. Therefore, it can be assumed that some M1 neurons can 
activate multiple muscles that are functionally related for a single task. Alternatively, although 
some M1 neurons have diverging outputs, sets of neurons which connect to the same muscles are 
often broadly distributed across the entire hand M1 region [12,13]. Overall, specific patterns of 
activity or movement require the convergence of many widespread neurons, allowing for a 
functionally diverse and tunable activation of each finger. Rather than restricted by a set of 
spatially discrete groups of neurons in the M1, this broad, highly distributed network of neurons 
is what enables the complex control of the hand. 
Impairments and Rehabilitation of the Hand following Neurological Injury 
A neurological injury to the motor cortex or descending cortico-motoneuron projections 
can have a drastic impact on motor control and function. A stroke, or cerebrovascular accident 
(CVA), occurs when blood flow to a region of the brain is deficient, causing cell death to the 
nearby neurons. Stroke is one of the major causes of long-term disability and motor impairment 
in adults in the United States [14]. These motor impairments can manifest themselves in several 
ways including muscle weakness, abnormal muscle tone, and impaired motor control [15]. One 
of the most common deficits after stroke is hemiparesis of the body on the contralesional side of 
the body [16,17]. This paresis is also more prevalent in the upper extremity, resulting in an 
overall inability to effectively utilize one arm and hand [18]. Alternatively, a more caudal injury 
to the spinal cord results in a complete deficit of motor control below the site of injury [19]. 
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Injuries at the cervical level at or above C4 typically results in a full paralysis of both limbs, 
while an injury between C5-C8 can result in varying degrees of upper arm impairment which 
may or may not include the hand. 
Although the nature of the injuries is different, the motor impairments can be considered 
to have similar mechanisms of origin. Muscle weakness or paresis is attributed to the inability to 
volitionally activate motor units due to the loss of pre-motor input from upper motor neurons 
[20]. This absence of control input results in muscles that cannot be activated with enough force 
for movement. Paresis also contributes to the loss of independent control of one segment of a 
limb with respect to others. Individuals who have had a stroke often show inadvertent flexion of 
multiple joints across the whole arm when only instructed to flex their elbow or hand [21,22]. 
Changes in muscle tone are also common following a neurological injury. On one side of the 
spectrum, the reduction of muscle tone over time is commonly seen due to disuse and 
denervation of the muscles [23]. In roughly 40% of the stroke and 60% of the spinal cord injury 
population [24,25], the opposite effect may occur which induces hypertonicity or spasticity, 
which is seen as an increased resistance to passive or velocity-dependent movement, 
respectively. Although the causes of spasticity are broad, one commonly considered mechanism 
is the result of a loss of inhibition from cortical pathways which induces a hyperactive reflex 
response during movement [26].   
With respect to the hand, these motor impairments are greatly detrimental to even the 
most basic functionality of the fingers for grasping objects. The loss of strength of the muscles 
prevents the major action of the hand to perform as an end effector of the arm. Fingers or thumb 
cannot be properly extended and positioned prior to a grasp nor can the digits enclose or hold an 
object with sufficient force [27]. This loss of strength also leads to a drastic loss of dexterity as 
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the fingers lose their ability to be individually controlled for precise motions [28]. For 
individuals with stroke, although some activities can be completed with just their intact hand, 
many daily activities involving personal hygiene, wearing clothing, and cooking become very 
difficult to complete [29]. For individuals with complete or partial tetraplegia, regaining arm and 
hand function is often reported as their highest priority [30]. Loss of function in the upper arm 
and hand can be the most detrimental to an individual’s personal independence and self-
sufficiency. 
Recovery of arm and hand function has been approached in a variety of ways in both the 
clinic and in research. The simplest of these methods includes isolated muscle exercises to 
counteract muscle weakness and strengthen any remaining motor units [31]. Although an 
effective way to prevent atrophy due to disuse, for more impaired individuals, a more goal or 
task-oriented training approach is needed for more directed motor skill retraining [32]. This type 
of rehabilitation aims to induce motor learning by engaging individuals in repeated specific tasks 
with increasing changes in difficulty and self-motivation. This type of training is typically 
considered to harness the neuroplasticity of the brain to create neural pathways between 
surviving neurons for functional restoration [33,34]. An example of this type of therapy is 
constraint-induced movement therapy (CIMT), which involves immobilization of the non-paretic 
arm, forcing individuals to complete functional training with their paretic upper limb and hand 
[35]. Use of CIMT or similar therapies has shown significant improvements of hand 
impairments, especially for individuals after stroke [36]. However, these types of prescribed 
therapies require intense repetitive training by dedicated clinicians over several hours a day for 
up to 10 consecutive work days. This is often a cost-prohibitive approach to recovery, and 
therefore finding alternate means of rehabilitation has been the focus of much research. 
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Technology supported training provides clinical professionals with an avenue of 
rehabilitative therapy which is both high-dosage and high-intensity, while lowering the overall 
cost of manual human labor. Robot-assisted therapy has become an increasingly available option 
for both stroke and spinal cord injury rehabilitation [37,38]. For the upper extremity, the main 
aspects of this type of therapy involve the passive or active movement of the hand to a specific 
target location while an interactive computer program provides visual feedback, which can 
increase or decrease the difficulty of the training to motivate the patient. The robot can passively 
move the arm through a set of motions, or the user can actively move to specific target locations 
while the robot assists or resists the movement. Similar to task-oriented repetitive training, 
completion of the various movements is expected to initiate neuroplasticity in the brain to help 
restore motor function [39]. 
In addition to repetition, a key aspect to inducing neuroplasticity is the active engagement 
of the patient during training. Whether through traditional or robot-assisted training, it is usually 
necessary for a clinician to still actively engage or motivate a patient throughout a training 
session. An alternative approach to user engagement in training involves the use of virtual reality 
(VR) computer graphics to create an immersive training environment [40]. This can involve 
differing ranges of visual, auditory, and haptic devices which has shown to more highly motivate 
subjects through various playful aspects of training, as compared to more conventional 
rehabilitation settings [41]. VR immersion techniques used in conjunction with rehabilitative 
training can enable a subject to be more engaged and involved during training for an 
enhancement of rehabilitative effects. 
Another approach to restoring lost function utilizes neuromuscular electrical stimulation 
(NMES) to depolarize the peripheral motor axons and induce muscle contractions [42]. NMES 
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provides the opportunity to elicit activity and movement in the impaired muscles and limbs even 
in cases where limited to no voluntary muscle activation is possible. NMES applications can also 
be used in conjunction with the previously described therapies for a combined effect of motor 
learning and muscle activation. This unique niche of electrical stimulation has shown benefits in 
both the post-stroke [43] and spinal cord injury [44] populations in increasing grip strength and 
object manipulation in the hand. Despite its benefits, conventional NMES techniques face 
various limitations when it comes to the specificity and selectivity necessary for the control of 
the hand [45]. The remaining focus of this chapter will be to outline the current state of NMES, 
its limitations, and the work of this dissertation in the development of a novel stimulation 
technique tailored for dexterous activation of the hand. 
Neuromuscular Electrical Stimulation and its Limitations 
Pulses of electrical current applied to a nerve can create localized depolarizations of the 
cell membranes [46]. If this depolarization meets the necessary threshold, voltage-gated sodium 
ion channels can open, causing a large influx of sodium ions into the neurons, which in turn 
opens more ion channels further along the membrane. This process initiates a wave of 
depolarization, or action potential, to occur in the neuron and propagate along the axons both 
distally and proximally from the location of stimulation. For an alpha motor neuron, the distally 
propagating wave is chemically transmitted across the neuromuscular junction of each of its 
muscle fibers (a motor unit), inducing calcium ion release and initiating muscle contraction. This 
simultaneous excitation of several motor units can be seen in an electromyogram (EMG) as a 
clear voltage wave, called an M-wave, several milliseconds after the stimulation onset [47]. 
Alternatively, a proximally propagating action potential in a type Ia afferent can induce 
monosynaptic depolarization of alpha motor neurons in the spinal cord, potentially initiating an 
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additional action potential and motor unit contraction. This delayed muscle response (~20-30 
ms) is analogous to the mechanically induced spinal stretch reflex and is referred to as the 
Hoffman’s reflex, or H-reflex [47]. A single stimulation pulse results in a single muscle twitch, 
and a series of repeated stimulation pulses can produce a summation of these twitches for larger 
muscle contraction. The minimum stimulation frequency necessary for this force fusion is ~10-
15 Hz, but higher frequencies (20-50 Hz) can be used for smoother contractions [48]. These 
simple mechanisms are the building blocks of all NMES, and variations in the stimulation pulse 
width, current amplitude, and pulse rate can be used to modulate the amount of charge delivered 
to control the muscle response. 
Electrical stimulation is most commonly applied from the skin using surface electrodes 
placed near the desired muscle [46]. For surface (transcutaneous) electrical stimulation, the target 
location of stimulation for every muscle is different, but typically there is a region of skin above 
a muscle which when stimulated, elicits the strongest muscle contraction at the lowest level of 
stimulation [49]. This location is called the motor point and is anatomically where a superficial 
branch of a nerve enters the muscle belly. Electrical stimulation outside of the motor points is 
usually less efficient and requires larger charge delivery for the same muscle contraction. 
Electrical stimulation of the skin, especially at higher amplitudes, can also elicit noxious 
sensations by the activation of pain receptors in the cutaneous layers [50]. Conventional 
Figure 1.4: Examples of Stimulation System Options from (Peckham et al. 2005). S = stimulator, A = anode 
(reference electrode) , C = cathode (active electrode), ECU = external control unit. 
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transcutaneous electrical stimulation is limited to non-specific activation of superficial muscles 
due to the dispersal of current in the underlying tissues [51]. As an alternative to surface 
stimulation, muscles can also be directly stimulated by the insertion of an intramuscular fine wire 
electrode into the muscle tissue itself [52,53]. This percutaneous electrical stimulation provides 
an approach to activate deeper muscles, but also requires skilled placement to target the desired 
muscle. Even as a minimally invasive procedure, strict skin cleaning and maintenance of the 
needles are also necessary to avoid complications such as infection [54]. For long term use, fully 
implantable stimulation systems can also be used which route all electrodes internally to a single 
access port or connector [55,56]. This type of system can have highly selective independent 
activations of different muscles for a variety of functions, albeit at the cost of requiring surgery 
and possible replacement of the implanted electrodes. These various stimulation techniques have 
their different costs and benefits and are widely applied for motor rehabilitation depending on the 
intended usages and needs. 
The simplest application of NMES is for the direct maintenance of muscle strength by 
eliciting electrically stimulated muscle contractions. For individuals with muscle weakness due 
to neurological injury, stimulation of the muscles can help maintain muscle tone and prevent 
atrophy while functional neural connections are restored or reformed [57,58]. This stimulation 
can be applied either passively at rest, or actively during a designated movement or task. NMES 
that is paired with a functional purpose or task is commonly referred to as functional electrical 
stimulation (FES). FES typically uses electrical stimulation to elicit a pattern of muscle 
contractions that produce a functionally relevant movement. In clinical settings, FES can be used 
therapeutically to help engage muscles when an individual cannot produce enough force to 
actively perform a movement [59]. For the upper limb, this can involve sequences of controlled 
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stimulations to multiple muscle groups in the shoulder, arm, and hand to facilitate reaching and 
grasping [60]. Like robotic training, subject engagement in the movement with completion by 
the FES is considered to aid in functional recovery by the creation of new neural pathways. More 
advanced uses of FES involve the initiation and control of stimulation based on the user’s own 
intentions [61]. Termed neuroprosthetics, these systems have far reaching benefits not only for 
therapeutic training, but also for direct restoration of voluntary control to the user’s own 
paralyzed limbs. 
Despite the many advantages and advancements of NMES systems, the utility of 
electrical stimulation is limited by several key factors. The most significant limitation of NMES 
is its non-physiological activation of motor units which leads to inefficient muscle contraction 
and rapid development of fatigue [62,63]. In normal movement, the recruitment of motor units is 
ordered so that small, fatigue-resistant motor units are activated first at smaller force levels. 
Bigger, more fatigable motor units are only recruited when the drive to the motoneuron pool 
increases in order to generate more force. This recruitment order is referred to as Hennemann’s 
size principle [64], and helps delay the onset of neuromuscular fatigue and force decline. 
However, electrical stimulation is commonly reported to reverse or randomize this recruitment 
order [65], thereby compromising the mechanisms of fatigue resistance and resulting in a much 
faster decline of output force with prolonged stimulation. In addition to orderly recruitment, 
voluntary motor units fire asynchronously at different rates which enables force tetanus at much 
lower individual rates [66]. Increases in firing rate can be modulated to increase the output force 
and motor units can also be recruited, de-recruited, and replaced as needed to prevent fatigue and 
smoothly modulate different force levels [67]. Stimulation, however, simultaneously activates 
many muscle fibers at the same time often producing sudden large contractions as well as 
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inducing more muscle fatigue. These physiological factors and rapid reduction of force capacity 
shorten the overall time that FES can be used before rest is necessary. For both therapeutic and 
functional applications, this necessitates more frequent rest times between training or use, 
reducing the potential impact and efficacy of FES rehabilitation. 
Another major limitation of conventional transcutaneous stimulation is its inability to 
effectively activate deep muscles further from the skin surface. Due to the electrical impedance 
of various tissues and membranes, the penetration depth of the stimulation current is limited to 
the most superficial motor units nearest to the surface electrode [68,69]. In general, this means 
that selective activation of deep muscles is usually not possible with standard motor point 
stimulation at the skin surface. In applications for the hand, this results in a limited range of 
activation of the different relevant muscles. For example, the deeper extrinsic FDP muscle 
normally cannot be stimulated from the surface. This prevents active movement of the DIP 
joints. For conventional transcutaneous hand FES systems, a full prehensile grip is therefore not 
attainable without alternative percutaneous or implanted electrodes. 
Alternatives to Motor Point Stimulation 
Various methods have been investigated to reduce NMES fatigue in order to improve the 
long-term efficacy of NMES. One of the simplest approaches involves the tuning of various 
stimulation parameters to see how fatigue can be delayed [70–73]. For example, various groups 
have found that higher frequencies or rates of stimulation tend to more rapidly reduce the force 
output. Another approach is to have dispersed stimulation locations involving spatially and/or 
temporally distributed stimulation across multiple electrodes over the muscle belly [74–76].  For 
example, a spatially distributed multi-pad surface electrode grid has been used to asynchronously 
distribute the stimulus current to different regions of the forearm and hand [77,78].  This 
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approach has been shown to be able to delay muscle fatigue onset, reduce discomfort, and 
increase the selectivity of muscle activation.  However, since the stimulation targets the motor 
points, the systems are still limited to the superficial extrinsic muscles. 
An alternate approach to traditional stimulation at the motor points is the stimulation of 
nerve bundles more proximal to the muscles themselves. This technique has already been widely 
used and investigated in lower limb FES devices due to the availability of nerve branches in the 
leg which are functionally isolated to a specific movement [79,80]. Bergquist and colleagues 
have also shown that stimulation over the nerve trunk can increase activations of central 
pathways, such as through afferent reflex loops, which could recruit MUs in a more 
physiological manner, thus reducing fatigability[81–83].  Stimulation of the nerve trunk at a 
more proximal location has also shown to stimulate both deep and superficial muscle structures. 
Although similar fatigue reducing effects could greatly improve the utility of an upper limb FES, 
a downside of nerve stimulation is that any of the axons in the nerve could potentially be 
activated, including those not intended for activation. As most of the candidate nerves in the arm 
also innervate multiple muscles spanning different fingers and wrist, compared to other 
methodologies, proximal nerve stimulation for the hand has not been widely pursued in the field. 
However, in lieu of its potential benefits, our lab has investigated the feasibility of 
transcutaneous stimulation of the proximal nerve bundles for control of the hand [84]. 
For the diversity of function and dexterity of movement needed in the hand, repeatable 
specific activation of sets of fingers are necessary for a practical proximal nerve FES system. 
Our preliminary work has shown that a variety of different flexion patterns can be elicited 
through the transcutaneous stimulation of the ulnar and median nerves [84]. A location proximal 
to the elbow and on the medial face of the arm near the biceps brachii was selected for the 
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superficial availability of the median/ulnar nerves. Various single and multi-finger grasp patterns 
(Figure 1.5) could be elicited by variations in manual placement of a bipolar electrode. These 
movement patterns also appear similar to functional movements such as whole hand grasp, 
pinch, and finger pointing, which showed promise in this methodology. To further explore this 
proximal nerve NMES technique, this project aimed to develop the transcutaneous nerve 
stimulation approach to reliably produce dexterous movements of the fingers. 
Research Goals 
The overall goal of this project was to develop an alternative stimulation technique that 
could be used to generate functional hand movements. A high-density stimulation electrode array 
Figure 1.5: Sample Motion Capture Data from Preliminary Proximal Nerve 
Stimulation (Shin et al. 2017). Blue – Thumb, Orange – Index, Yellow – 
Middle, Purple – Ring, Green – Pinky. A) Whole hand power grip. B) Index 
Pinch C) Middle-Ring-Pinky Flexion (Index Point) D) Index-Middle Pinch 
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system was first developed to allow an increase in precision and ease of selection of the 
stimulation location. Stimulation at different pairs of electrodes along this array has shown 
selective activation of finger forces and EMG, akin to that of our preliminary work. We first 
quantified the total available set of finger activation patterns and flexion forces through this 
proximal nerve stimulation system. We then evaluated the force sustainability of the method as 
well as its ability to activate the different extrinsic muscle groups. Specifically, this project 
investigated the following research aims. 
Aim 1: Categorization of the available finger activation patterns elicitable though 
the proximal nerve stimulation method. Although the variety of activation patterns elicitable 
through the proximal nerve stimulation method has been previously demonstrated, a systematic 
evaluation of the available finger forces is necessary to better understand the functional utility of 
the stimulation method. For this aim, the stimulation electrode array was used to dynamically 
switch between different stimulation locations to activate different groups of motor axons. The 
resultant activity from each of these stimulation locations was measured both by the flexion 
forces of the fingers as well as through electromyography of the forearm. Across all the subjects, 
similar patterns of single and multi-finger activation were identified, suggesting a similar diverse 
range of activity was possible with different subjects. 
Aim 2: Evaluation of the force sustainability evoked from our proximal nerve 
stimulation array, in comparison with the conventional NMES technique. As previously 
described, one of the major limitations of conventional motor point stimulation techniques is its 
rapid force decline with prolonged use. Previous studies in the lower limb have suggested that 
nerve stimulation is able delay this fatigue effect relative to these traditional approaches. 
Therefore, a direct comparison of the proximal nerve and motor point methods was completed by 
19 
stimulating either the nerve and muscle and recording the resultant forces. We demonstrated that 
the proximal nerve stimulation could also delay the decline in force during finger flexion as 
compared to the motor point stimulation, signifying that similar mechanisms of fatigue reduction 
exist in the upper limb. 
Aim 3: Evaluation of the depth and spread of muscle activation evoked by proximal 
nerve stimulation. Lastly, another potential benefit of proximal nerve stimulation is its ability to 
activate deeper muscles that are not typically accessible by conventional motor point stimulation. 
Although our preliminary study showed independent activation of the PIP and DIP joints, it was 
unknown if this was caused by the activation of both the deep and superficial extrinsic flexor 
muscles. Ultrasound imaging was used to obtain cross-sectional images of the muscles in the 
flexor compartment during stimulated motions. Our results showed that the proximal nerve 
stimulation could activate the FDS and FDS muscles both separately and concurrently, 
confirming that the nerve stimulation could elicit the full range of motions at all the joints. 
The research outcomes for this work lay the foundation and motivation for developing an 
alternative hand FES interface for individuals with hand impairment. In the immediate future, the 
transcutaneous nerve stimulation method has the capability of becoming a more long-term 
rehabilitation and training device. Practical benefits of such a system include the application of 
stimulation at a single location, which could allow for straightforward donning of the electrode 
array while also freeing up the limited space on the forearm to obtain EMG signals for intent 
detection. With further development, a combination with EMG initiated activity could also lead 
to a full non-invasive motor neuroprosthetic system for the hand. As an alternative to 
conventional stimulation techniques, this methodology can potentially enhance existing 
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rehabilitation paradigms and help restore hand function and personal independence in individuals 
with hand impairment.  
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CHAPTER 2 : MULTICHANNEL NERVE STIMULATION FOR DIVERSE 
ACTIVATION OF FINGER FLEXORS1 
Introduction 
Weakness of the hand is a major contributor to the loss of self-sufficiency and 
independence following a neurological injury such as a stroke [1–3] or a spinal cord injury [4,5]. 
The loss of the descending drive to the muscles is typically the main initial cause of the paresis 
[6], but paresis-associated complications, including disuse and further atrophy, can aggravate the 
loss of strength. Neuromuscular electrical stimulation (NMES) is a commonly utilized tool to 
augment muscle activation and to restore functions of the hand [7–10]. Although conventional 
electrical stimulation methods have shown benefits in increased grip strength and object 
manipulation [11–13], NMES techniques still face various limitations in their specificity and 
selectivity of different finger movement patterns.  
Conventional NMES uses large electrodes placed on the skin near the motor points of the 
targeted muscles to deliver electrical stimulation and induce muscle-specific movements. For 
finger flexion NMES, these electrodes are typically placed on the anterior compartment of the 
forearm and are often only able to elicit gross grasp patterns involving all the fingers. Recent 
developments to improve the specificity and range of motions in the hand have focused on using 
multi-electrode grids to distribute the stimulation across different muscles or muscle regions [14–
16]. For example, a wearable hand NMES system developed by Crema et al. utilizes electrode 
                                                 
1This chapter has been submitted to Transactions on Neural Systems & Rehabilitation Engineering and is currently 
under review 
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arrays across the hand and forearm to selectively control the hand [17]. Although specific grasp 
patterns are often reported, the determination of which set of electrodes is best to use for a 
desired motion is non-trivial, and inter-session replication still requires extensive stimulation and 
motion identification every time the electrode arrays are replaced. This electrode array 
characterization is therefore a common feature of multi-electrode systems and necessitates 
automated calibration methods for streamlined usage [18]. 
An alternative method for NMES is the stimulation of the more proximal nerve bundles 
before branching into the muscles. Several studies have demonstrated that proximal nerve 
stimulation in the lower limb can better involve central pathways in the spinal cord which can 
also delay fatigue onset [19–21]. For finger flexion, the ulnar and median nerve bundles are 
superficially accessible near the biceps brachii. Previous studies have shown that stimulation in 
this region is able to elicit a variety of finger motion patterns which include both single finger 
and multi-finger activation [22]. Som preliminary studies on the use of a multi-electrode array to 
select movement patterns have demonstrated the selective capabilities of the method [23,24]. 
Stimulation of the proximal nerve bundle has also shown the ability to delay muscle fatigue 
onset, a common limitation of conventional NMES methods [25]. However, the multi-electrode 
array has been used previously to manually search for a single electrode pair which elicits a 
desirable motion. A broader characterization of the stimulation method and the available 
movement patterns, as well as its repeatability across subjects, has not been investigated. 
The objective of the current study was to quantify the types of different finger flexion 
patterns elicited through the multi-electrode array by utilizing an automated electrode search 
procedure. The forces from individual fingers were obtained to quantify the movement patterns. 
High-density electromyogram (HDEMG) on the palm and on the anterior forearm were recorded 
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to capture both intrinsic and extrinsic muscle activities. The 2D correlation of the spatial patterns 
of muscle activation was calculated to assess the redundancy of the system. Our results revealed 
a diverse set of finger flexion patterns, which were elicited from a number of different electrode 
pairs. This catalogue and automatic detection of available finger forces can establish a basis for 




Eight neurologically intact subjects (6 males, 2 females, 20-34 years of age) without any 
known neurological conditions received transcutaneous electrical stimulation to activate the 
finger flexor muscles. Stimulation was applied through different electrodes in a grid along the 
ulnar and median nerves where they are superficial below the biceps brachii muscle. All subjects 
gave informed consent with protocols approved by the Institutional Review Board of the 
University of North Carolina at Chapel Hill. 
Electrical Stimulation Generation 
A 2×8 grid of individual round electrodes (1 cm diameter) was placed near the biceps 
brachii on the medial side of the arm where the ulnar and median nerves are located just below 
Figure 2.1: Overview of Experimental Setup. A stimulation grid of electrodes (right) along the ulnar and median 
nerves was used to selectively activate unique patterns of finger flexion forces. The motor activity from each pair of 
electrodes was recorded using individual force transducers (left) and an array of high-density EMG electrodes 
(middle). Samples of data are also shown. Each stimulation through an electrode pair elicits a unique force profile 
and set of HDEMG activity which can also be simplified as a heat map (top) by calculating the Area-Under-the-
Curve of each EMG channel. 
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the skin (Figure 2.1). The grid of electrodes was aligned parallel to the nerve bundles, and each 
electrode was placed on average ~1.5 cm apart from each other. Each electrode was routed 
through a switch matrix (34904A, Agilent Technologies), and all stimulation was delivered using 
an 8-channel bipolar programmable stimulator (STG4008, Multichannel Systems). Stimulation 
trains could be generated and routed through any pair of electrodes using a custom-made 
MATLAB interface. All stimulation was delivered in biphasic pulses with a 500 µs single pulse 
width, and a pulse frequency of 30 Hz. 
Automated Stimulation and Motor Activity Recording 
The resultant EMG and force elicited by the electrical stimulation was recorded as a 
measure of motor activity (Figure 1). An 8×16 HDEMG array (ELSCH064NM3, OT 
Bioelettronica) was placed over the extrinsic flexor muscles of the hand. An 8×4 HDEMG array 
was also placed on the palm over the intrinsic hand muscles. Ground and subject reference 
electrode bands were placed around the wrist and elbow, respectively. All 160 monopolar EMG 
channels were amplified at a gain of 200, filtered at 2-900 Hz, and sampled at 5120 Hz (EMG-
USB2+, OT Bioelettronica). The force of each individual finger was also recorded through four 
separate 100 N force transducers (SM-200N, Interface Inc.), which could be individually fixed to 
each finger using custom 3D printed cradles. The transducers were attached to an aluminum 
frame which allowed forces to be recorded in an axis parallel to the experiment bench top. The 
force signal was sampled at 1000 Hz. The EMG and force was recorded synchronously with the 
electrical stimulation, and therefore the exact timing of stimulus delivery was known. To 
improve the efficiency of searching through the stimulation electrode grid, the electrical 
stimulation generation, switch matrix control, and EMG/force acquisition were all fully 
automated via a custom-made MATLAB user interface. This overall procedure is illustrated in 
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Figure 2.2A. The stimulator was connected to a randomly selected pair of stimulation electrodes. 
Bipolar, charge-balanced electrical stimulation was generated across the electrode pair, and the 
EMG and force signals were simultaneously triggered to sample for the duration of the electrical 
stimulation. A 0.5 second of electrical stimulation was delivered per electrode pair to allow the 
force accumulation. The 0.5 second of stimulation to each stimulation pair was repeated 3 times 
Figure 2.2: Search Procedure Diagram. A) Depiction of the automated search procedure. Each stimulation electrode 
pair is repeated 3 times while recording the resultant EMG and force. The next electrode pair is automatically 
changed to a new pair, and the process is repeated. B) After the initial search, a current-force relation is obtained at 
the electrode pair which elicited the maximum force. Each current-force data point is plotted live for the 
experimenter, and the sigmoidal fit (black line) is calculated and overlaid on the data. Two current values were 
identified which matched 5% (blue) and 20% (red) activation levels for further automated grid searching. 
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with 1 second of rest between each stimulation. From each set (0.5 second) of stimulation pulse 
trains, the elicited compound muscle action potential (CMAP) could be isolated from the EMG 
signal between stimulus times. For each stimulation, the individual forces of each finger was also 
obtained during the total 1.5 second duration of the stimulation and rest time. This set of CMAP 
EMG activity, four finger force, and stimulation parameters was recorded for every available 
combination of stimulation electrode pairs in the 2×8 stimulation grid (a maximum of 120 
combinations). As no differences were noted in the relative location of the anode or cathode with 
charge-balanced current, the electrode polarity was not switched as a new electrode pair. 
Procedure 
Subjects were seated in front of the force transducers. An initial current stimulation (4 
mA) was used to determine and disable any individual electrode which elicited a strong noxious 
sensation local to the stimulation site. Following the identification of electrodes that can induce 
noxious sensation, the HDEMG electrode arrays were placed on the forearm and hand, and then 
the hand was secured to the finger force transducers. The wrist was prevented from applying 
force to the transducers by holding the palm and wrist in a neutral position (0° flexion and 
pronation) between Styrofoam-covered U-shaped wooden blocks, secured to the table. Once the 
fingers and wrist were all secure, the subject was requested to produce maximum voluntary 
contractions (MVCs) of each individual finger while only the finger forces were being recorded. 
The maximum force values of each finger from the MVC attempts were then recorded. This 
concluded the only voluntary portion of the experiment. Following the MVCs, the automated 
switch-stimulator system was initiated to cycle through every available combination of 
stimulator electrode pairs at an initial current of 3 or 4 mA. The default current of 4 mA was 
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used in most cases, but if the overall activation level seemed too strong or activations of the wrist 
were evident, a starting initial search current of 3 mA was used instead (3 of 8).  
Upon completion of the initial search, the pair of electrodes which produced the strongest 
average peak force was selected as a representative electrode pair for further testing. This pair 
was used to estimate the current-force relation of the whole grid, and to obtain the current value 
which corresponded to ~5% and ~20% of the averaged MVC (Figure 2.2B). These two levels 
were selected as a general estimate of low and medium finger forces which could be expected 
during daily usage of the hand. To obtain the current values needed to stimulate these force 
levels, the switch matrix was first manually set to the strongest electrode pair. Then, the 
electrode pair was stimulated at manually selected current levels to determine both the minimum 
motor threshold current and a maximum current level which corresponded to approximately 50% 
of the MVC. Once these two boundary levels were determined, another automated stimulation 
protocol was initiated to stimulate at 50 pseudo-random current amplitudes between the upper 
and lower current levels. In order to prevent fatigue buildup at this single electrode pair, the 
electrodes were stimulated for 0.5 seconds, and 3 seconds of rest was provided prior to the next 
current level. The averaged peak force values of each stimulation were recorded and displayed to 
construct the current-force function seen in Figure 2.2B. Once completed, the experimenter used 
the current-force function to estimate the current levels which can elicit the desired 5% and 20% 
MVC forces. These two current levels represented the low and medium activation levels and 
were used to search the rest of the electrode grid. 
The final sets of automated electrode pair searching were then initiated at the 5% and 
20% MVC current levels. The order of the low and medium current was randomized between 
subjects. Again, each electrode pair was stimulated 3 times (0.5 second active, 1 second rest) 
36 
before switching to the next pair, and all EMG and forces were recorded simultaneously. Each 
set of stimulation at each current level was separated by a minimum of 1 minute of rest, and none 
of the subjects reported any fatigue or muscle strain upon completion. 
Data Processing 
For every stimulated electrode pair at each current level, the corresponding forces and 
EMG data were segmented for the duration of every half second of active stimulation for each of 
the three repetitions. This force and EMG obtained from each electrode pair was hereby referred 
to as a stimulation set. The force of each stimulation set was averaged across the 3 repetitions to 
obtain a single force activity profile of the 4 fingers. This force profile was then smoothed using 
a 100 ms moving window (1 ms step). 
Additionally, the EMG data following each stimulation pulse were extracted for every 
EMG channel and then averaged across the entire stimulation set. The first 2 ms immediately 
after a stimulation pulse was excluded to remove the stimulus artifact, and the subsequent 30 ms 
of EMG afterward were saved from each pulse. These isolated CMAPs included both the 
characteristic M-wave and H-reflex. To quantify the overall level of activation, the Area-under-
the-Curve (AUC) was calculated from the absolute value of each post-stimulation EMG average 
to represent the overall activity of a single channel of EMG (units: mV-ms). These values from 
all the EMG channels were combined into arrays corresponding to the spatial location of the 
EMG channel (Figure 2.1). Each AUC map of a stimulation set represents the overall HDEMG 
activity for a given electrode pair and current level. 
In summary, the data acquisition and processing resulted in every electrode pair (120 
maximum) and current level (Initial, 5%, 20%) to have its own corresponding force and EMG 
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activity profile per subject. Any stimulation sets which produced less than 1% MVC force on all 
four fingers were excluded from subsequent analyses. 
Data Clustering and Analysis 
To further simplify the remaining data and quantify the available activity across the 
stimulation grid, hierarchical clustering was used to categorize the force profiles. Clustering of 
the force data was selected over the EMG data as the force data produced more visually intuitive 
clusters that could be directly related to the movements of the hand. To perform the hierarchical 
clustering, all the force profiles from a single subject were pooled together, regardless of the 
current level. Each set of force data can be considered a 2D array of the 4 finger forces sampled 
at 1000 Hz over each half second of stimulation. Rather than reducing the stimulated force to a 
single value, the 2D correlation coefficient was calculated between every force profile to 
compare the overall shape of the force generated over time. This correlation value represented 
the force profile distance between electrode pairs, and the complement (1 – Distance) was 
calculated to obtain the dissimilarity matrix needed for clustering. The MATLAB hierarchical 
clustering function cluster() was used with the standard inconsistency cutoff of 1.1 to form an 
initial starting point of force clusters. For further optimization, the silhouette (SIL) coefficient 
was first calculated for every cluster member. The SIL is a measure of cluster validity which 
compares the average within-cluster distance of a data point with that of its closest neighboring 
cluster [26]. A SIL value close to +1 indicates an appropriately clustered data point, whereas a 
SIL value close to -1 indicates that the data point is a better fit in a different cluster. The cluster 
groupings were optimized to maximize the SIL score of each group by reassigning any force 
profile with a negative SIL to a better (higher SIL) cluster group. If no non-negative SIL group 
was possible, the force profile was used to form its own new cluster, and the SIL was 
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recalculated for all other data points. This process was repeated iteratively until the cluster 
members converged to a stable grouping. Lastly, once these final cluster groups were found, the 
averaged force profile of each cluster was calculated, and saved to represent the force of the 
cluster. The ratio of finger activation of each force profile was used to determine which fingers 
were most active within the cluster (e.g. Index-Middle), and these were then used as movement 
labels (e.g. IM) to categorize each force cluster. 
The corresponding HDEMG AUC maps were also obtained from each cluster to compare 
the EMG data. As a measure of the similarity of the EMG activity within each cluster, the 2D 
correlation between each AUC map was first calculated, and the average correlation within each 
cluster was used to represent the overall similarity of the EMG activation pattern of each force-
cluster. Separate correlations were calculated for the hand and arm HDEMG arrays. To compare 
the AUC correlations between the hand and arm across all subjects, the average correlation 
coefficient values were variance-stabilized using the Fisher z-transformation (z=arctanh(c)). A 
paired t-test of these transformed values was calculated to test whether the two EMG locations 




For each subject, the total force data were summarized by extracting the normalized peak 
finger force of each force profile and plotting the data along two axes, which represented an 
average of the activations corresponding to each half of the hand (Index-Middle vs Ring-Pinky). 
Figure 2.3 shows the simplified force patterns of a sample subject at the low (5% MVC) and 
medium (20% MVC) activation levels across the entire stimulation grid. Each data point 
represents the force from a single stimulation electrode pair, and the polar angle of each point 
represents the ratio of the activation in each half of the hand. A data point closer to the x-axis 
represents an activation that is primarily Ring-Pinky forces, while a point closer to the y-axis 
represents an activation that is mostly Index-Middle activation. A more spread or distributed set 
of data points suggested that the elicited forces had more varying ratios of activation, indicating 
more of each half of the hand could be selectively activated over the other half. On the other 
Figure 2.3: Sample Force Distribution between the Two Current Levels in a Sample Subject. The peak 
force from every electrode pair was plotted against the %MVC average of the Index and Middle fingers vs 
the Ring and Pinky fingers. The spread of the data points illustrates the distribution of activation between 
each half of the hand, and the best fit line through the origin (black line) was plotted to estimate the overall 
activation trend of all the fingers. 
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hand, a linear set of points with low variability suggested that the elicited data points had more 
similar ratios of activation, indicting similar proportions of finger co-activation across all the 
electrode pairs. The low activation level showed a more distributed range of force levels which 
varied from primarily Index-Middle forces to combinations of Ring-Pinky forces with 
comparable low-medium force levels.  The medium activation level showed a more linear range 
of force activation which were mostly a combination of both halves of the hand. Across all 
subjects, the low activation showed a similar trend of more distributed forces with a median R2 
of 0.65 while the medium activation levels had a median R2 of 0.95. 
Samples of force clusters obtained from a representative subject are shown in Figure 2.4 
with the movement labels above each clustered set of electrode pairs. Many of the force clusters 
from this subject involved the Index and Middle fingers, while a smaller proportion additionally 
activated the Ring and/or Pinky fingers in conjunction with the first two. Although not as 
common, there are also several candidate clusters which induce only single Index or Middle 
Figure 2.4: Sample Force Clusters of a Single Subject. Sample force profiles representing each major movement 
label was chosen from a single subject. Thin lines represent the force profile of each individual electrode pair, and 
the thicker line is the cluster averaged force profile. Movement labels above each cluster show which fingers were 
determined to be most active relative to the other fingers.  
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finger forces. Overall, most subjects elicited forces which clustered into similar sets of 
movement patterns as seen in the sample figure. The finger activation patterns based on the force 
clusters across all the subjects are summarized in Figure 2.5. Each colored circle represents a 
single force cluster taken from a single subject. The movement label of the cluster (i.e. the 
fingers were considered active) was used to group each force cluster. The height of each circle 
also shows how many electrode pairs were present in each cluster. Each cluster was then 
organized from left to right based on the total number of clusters within each movement label 
group. For each movement pattern, both small and large clusters were observed, which indicated 
that some sets of electrode pairs produced similar force patterns. The number of electrode pairs 
within a cluster lends insight into the redundancy of a specific force pattern. 
Figure 2.5: All Subject Cluster Activity. Each colored circle represents a force cluster obtained from a 
single subject. The cluster movement label represents which fingers are most active relative to the others 
within a force cluster. The y-axis location shows the number of electrode pair activations which contribute 
to the movement cluster. 
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Figure 2.6A and Figure 2.6B shows samples of arm AUC maps with either a low or high 
2D correlation from a cluster. As the clusters were formed from the force data, every AUC 
cluster had a variable range of AUC correlation. A high average correlation value suggested that 
the electrode pairs within the cluster activated similar portions of muscle. In contrast, a low 
average correlation value suggested that the cluster of electrodes produced similar force 
outcomes, but through dissimilar muscle activation. The average correlation of all the arm and 
hand AUC clusters from a single sample subject are shown in Figure 2.6C, and the overall 
interquartile range of AUC correlations for each subject are shown in Figure 2.6D. A paired t-
test between the Fisher’s z-transformed AUC correlation averages show that the arm and hand 
Figure 2.6: AUC Correlation Samples and Distribution. A) Sample cluster with low EMG AUC correlation. B) 
Sample cluster with high EMG AUC correlation. C) AUC correlation average (and Standard Error Bars, gray)) from 
all arm and hand clusters from a single sample subject. D) AUC correlation of each subject for both arm and hand. 
Each box represents the interquartile range, and the whiskers indicate ±2.7σ of the cluster correlation values. 
Additional points indicate outliers. 
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correlations are significantly different [t(7) = 5.88, p < 0.05]. The arm AUC correlations were 
higher than the hand AUC correlations, suggesting that within a force cluster, the EMG activity 
in the arm was usually more similar than the EMG activity in the hand.   
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Discussion 
In the current study, transcutaneous electrical stimulation was delivered to the proximal 
ulnar and median nerve bundles using a multi-electrode grid system. An automated method was 
used to record all available activity in the electrode grid at multiple current amplitudes. This 
activity was then grouped using hierarchical clustering to form intuitively discernable force 
patterns. Overall, our results demonstrate the capabilities of the current methodology in eliciting 
a variety of finger activation patterns, but also being able to find groups of redundant electrode 
pairs which have similar finger force patterns. Understanding the available range of finger 
activation patterns elicitable through the electrode grid is a necessary step for future automated 
calibration and selection of stimulation locations. 
Finger Activation Patterns 
Our results show that the proximal nerve electrode grid can target a wide variety of finger 
forces. Across all subjects, the two most common movement patterns observed in Figure 2.5 are 
the Index-Middle-Ring and Index-Middle-Ring-Pinky movements. Both of these multi-finger 
movements indicate a strong activation of the median nerve with the latter movement suggesting 
the additional activation of the ulnar nerve to recruit the Ring and Pinky fingers. These two 
movements are functionally related to whole hand grasping and other similar power grasps 
necessary for holding or moving objects. These results are also similar to grasp patterns elicited 
in our preliminary kinematic study[22]. After those two patterns, the next common movements 
of double or single fingers represent a selective activation of nerve fibers within the nerve 
bundle. The electrode pairs which elicit these movements are selective to a specific set of fingers 
which functionally represent fine movements and pinch grasps [27]. 
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The selectivity of an electrode pair to a specific set of desired finger forces is both a 
function of the electrode location relative to the nerve bundles as well as the strength of the 
current amplitude. Figure 2.3 and the median R2 values lends insight into the effects of the 
current level on grasp selectivity. At lower current-force levels, the distribution of generated 
forces is less linear (lower R2) than at higher current levels. These values suggest that the 
individual electrode pairs can elicit more varied proportions of activation of each half of the 
hand.  Physiologically, the lower current-force level may activate a smaller number of nerve 
fibers, leading to a more finger-specific movement. As the current is increased, however, more 
nerve fibers are recruited, which leads to a more similar activation of multiple fingers. This 
behavior is functionally comparable to the natural coactivations of fingers related to grasp. Even 
for single finger tasks increased force inevitably recruits previously inactive finger muscles due 
to enslaving effects [28].  
Another key point of the proximal nerve stimulation method is the ability to activate both 
the intrinsic muscles of the hand and the extrinsic muscles in the forearm. This can be seen by 
the presence of EMG activity in both the hand and forearm HDEMG array. For finger flexion, 
the intrinsic muscles in the hand controls the metacarpophalangeal joints, while the extrinsic 
muscles control the proximal and distal interphalangeal joints. For conventional NMES, muscle 
activation is specific to the site of the stimulation, and therefore a full prehension of the hand 
requires stimulation electrodes over both the intrinsic and extrinsic muscles [29,30], but intrinsic 
muscles are not routinely targeted. In contrast, activation of the intrinsic muscles with the 
proximal electrode grid location is beneficial as one electrode location can elicit a full grasp 
motion. This is functionally significant as it enables the refinement of electrode selection to 
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potentially target specific muscles for either a distal finger grasp or a palmar grasp depending on 
the task. 
Activation Redundancy 
The proximal nerve stimulation grid also demonstrates a certain level of system 
redundancy in both the different electrode pairs available for a specific movement as well as the 
variation in muscle fiber activation which can still produce the same force. The redundancy of 
the stimulation system can be seen in the various set of similar forces that are generated from 
different electrode pairs. Following the hierarchical clustering, force pattern clusters are formed 
from a set of electrode pairs and these clusters have a varying number of pairs (Figure 2.5). Each 
cluster represents a relatively distinct force profile that can be generated with multiple different 
stimulation locations. Functionally, these different electrode pairs could then be used as 
alternative options to produce the same desired motion. 
Redundancy in the stimulation system is valuable as it can enable different electrode 
pairs to be used during stimulation to produce the same force pattern. This can potentially 
reduce/delay the fatigue impact of the stimulation by interleaving the activation of different sets 
of nerve axons and muscle fibers. Additionally, these redundant electrode pairs are valuable in 
compensating for inherent system instability that can arise from underlying electrode-nerve 
movement or changes in electrode-skin contact. If multiple redundant pairs of electrodes produce 
the same motion, a stimulation pattern is not wholly dependent on a single pair. 
Each subject also has multiple clusters which are categorically similarly. Although these 
movement labels are alike, each cluster varies in each finger’s relative amount of activation. 
These clusters are then better to be considered as a continuum of finger activation that the 
electrode grid can generate. Overall, these layers of force and electrode redundancy allows a 
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greater control of selectable electrodes which can be fine-tuned to elicit the most desired 
activation pattern. 
In addition to the variety of similar electrode pairs and forces, each cluster of forces also 
has widely varying EMG activations. The EMG AUC correlation was calculated as a measure of 
similarity or dissimilarity of the EMG activity elicited by the electrode locations within a cluster. 
As seen in Figure 2.6D, some subjects have force clusters which have generally high AUC 
correlations, while others have a much wider range of correlation values. Both high and low 
AUC correlations suggest different physiological scenarios in muscle recruitment. A force 
cluster with high EMG AUC correlation suggests that the specific nerve fibers being activated by 
the electrode pairs innervate similar sets of muscle fibers. Alternatively, a force cluster with 
lower EMG AUC correlation suggests that the nerve fibers being activated innervate a more 
diffuse, non-overlapping set of muscle fibers. Functionally, since these sets of electrodes have 
similar force outputs, a desired force pattern could be generated by different sets of muscle 
fibers. The utilization of electrode pairs with dissimilar EMG could also lead to less localized 
fatigue of muscle fibers, allowing for longer stimulation and more sustained force generation. 
Alternatively, more similar EMG may also be desirable to ensure that the same muscle region, 
and therefore the same exact forces, are being stimulated and repeated. 
Lastly, it is important to comment on the higher AUC correlations in the arm compared 
with the hand. In general, this finding suggests that the EMG of the intrinsic hand muscles for a 
specific movement has much more variation than its extrinsic arm counterparts. One contributing 
factor may be that, for a given force pattern, the stimulated nerve fibers may not elicit activity in 
the intrinsic muscles as regularly. Additionally, the smaller hand pad and smaller muscles may 
produce larger relative variations in the EMG output and AUC correlations. Further isolation and 
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repetition of intrinsic finger specific activation patterns are necessary to better understand this 
behavior. 
Limitations 
A limitation of the current methodology is the inter-session stability of the electrode 
placement and force output results. Although anatomical landmarks are used to ensure similar 
setup and grid placement, the same sets of movements and electrode pairs may not be exactly 
reproduced once the electrode grid is removed. The minor variations in grid location and 
orientation may lead to electrode pairs which activate new sets of nerve fibers. Additionally, 
since we only tested the electrode grid in a single position, it is not known whether the elicitable 
motions are the same with different orientations of the arm. Although our discussion of the latent 
redundancy of the system suggests that similar force patterns are likely repeatable between grid 
placements, this still has the prerequisite of searching through all the electrode pairs for the 
available sets of forces. Although the current study utilized multiple searching steps with some 
manual input to obtain an estimated stimulation levels, this procedure can be minimized down to 
quickly search for different active pairs for automated re-calibration. Future studies will also be 
completed to better quantify the difference of electrode placement and force patterns between 
sessions. 
Although the current study was focused on the overall evaluation of the elicitable finger 
force patterns, another limitation is the potentially changing proportions of force at each finger 
that could occur with higher current levels, as seen in Figure 2.3. Even at the same electrode pair, 
it is possible that an increase in the stimulation current could result in the recruitment of nerve 
fibers which innervate different muscles, leading to varying degrees of finger selectivity at 
different current levels. Although a single current-force relation was used to estimate the overall 
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grid activity each electrode pair likely has its own current range and force stability. Further 
testing is necessary to better evaluate the stability of single electrode pairs in eliciting similar 
finger forces at different current levels. 
Another consideration is that only finger flexion is targeted, whereas weakness in finger 
extensors is more prevalent in stroke survivors [31,32]. However, as finger extension is mainly 
needed for the proper placement of the fingers prior to a grasp, finger flexion was chosen to be 
the first focus of the stimulation electrode array system. Relatedly, another important aspect in 
creating a functional grasp is the positioning and flexion of the thumb, which was not included in 
this study. The practical concerns of obtained all the necessary degrees of freedom with the 
existing finger force setup was the main barrier to this experimental decision. As a future 
direction, a stimulation grid system to target the radial nerve will be developed to generate finger 
extension as well as an accurate measure of the thumb activation. These can be used in 
conjunction with the finger flexion stimulation for further evaluation of functional grasp patterns. 
Conclusions 
The current study utilized a grid of stimulation electrodes to stimulate the ulnar and 
median nerves, which produced a wide variety of different finger flexion patterns. Our results 
showed that the system can elicit a number of multi-finger and single-finger activation patterns 
with a high level of redundancy to allow for multiple electrode pairs to be used for similar output 
forces. Moving forward, this automated stimulation system can be used as a foundation for a 
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CHAPTER 3 : DELAYED FATIGUE IN FINGER FLEXION FORCES THROUGH 
TRANSCUTANEOUS NERVE STIMULATION2 
Introduction 
Weakness or paralysis of the hand is a major impairment that limits independent living, 
and is a common symptom of various neurological injuries or medical conditions [1,2]. 
Neuromuscular electrical stimulation (NMES) is often used as a rehabilitative tool to help 
increase muscle mass and promote muscle strength [3–5]. A subset of NMES, functional 
electrical stimulation (FES), aims to actively augment desired movements via stimulation of 
muscles involved in a specific function (e.g. foot drop). Despite the potential benefits, one of the 
major drawbacks of NMES is the rapid onset of fatigue in the stimulated muscles, which can 
limit the scope of clinical applications [6].  
Fatigue is commonly characterized by a decrease in the force output of a muscle 
following a prolonged contraction and has a broad range of different peripheral and central 
origins. Peripheral origins of this inability to sustain a constant level of force typically involve 
the neuromuscular junction and metabolite accumulation in the muscles [7,8], whereas central 
origins of the declining force involve synaptic changes in the spinal cord and decreased cortical 
activation from the brain [9]. Muscle fatigue caused by electrical stimulation is considered to be 
primarily of peripheral origin due to the high-frequency, synchronized activation of motor units 
(MU) in a non-physiological order [10]. In voluntary muscle contraction, MUs typically fire 
                                                 
2This chapter previously appeared as an article in the Journal of Neural Engineering. The original citation is as 
follows: Shin H, Chen R and Hu X 2018 Delayed fatigue in finger flexion forces through transcutaneous nerve 
stimulation J. Neural Eng. 15 066005 
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asynchronously at lower rates and are recruited in an orderly fashion; smaller fatigue-resistant 
motor units are activated first at low force levels [11]. However, electrical stimulation causes 
non-physiological (randomized or reverse order) activation of the motor units in that fatigable 
MUs are likely to be active early, leading to an unsustainable force output [12,13]. 
Different methods that can reduce NMES fatigue have been investigated in order to 
improve the long-term efficacy of NMES.  For example, the tuning of various stimulation 
parameters (current amplitude, frequency, and pulse width) that can delay fatigue has been 
investigated [14–17]. Another approach is to have dispersed stimulation locations involving 
spatially and/or temporally distributed stimulation across multiple electrodes over the muscle 
belly [18–20]. This approach can alternate the activation of different groups of motor axons, 
which can alleviate the repeated load on recruited motor units and therefore delay fatigue onset. 
In addition to targeting the motor points or distal nerve branches, stimulation of the nerve bundle 
can also potentially reduce muscle fatigability. Bergquist and colleagues have shown that 
stimulation over the nerve trunk can increase activations of central pathways, such as through 
afferent reflex loops, which could recruit MUs in a more physiological manner, reducing 
fatigability[21,21–23].  However, the nerve bundle stimulation also tends to non-specifically 
activate a number of muscles innervated by the axons in the bundle, and the level of force from 
reflex activation is also limited[22].  Previously, we have explored the feasibility of activating a 
particular muscle or a muscle compartment by delivering precisely controlled current to the 
nerve bundle.  A variety of different finger grasp patterns can be elicited through the 
transcutaneous stimulation of the median and ulnar nerves proximal to the elbow near the biceps 
brachii [24]. Using a stimulation grid to target the nerve bundles, selective activation of different 
muscles and grasp patterns have also been observed [25]. 
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However, the fatigability of the muscle activation using closely spaced electrodes 
targeting the nerve bundles is still not clear.  In our current study, we sought to quantify the 
fatigue time course from our novel nerve stimulation method, in comparison with traditional 
motor point stimulation. Specifically, we investigated the force and EMG changes over a 
sustained 5-minute stimulation.  We hypothesized that the proximal nerve stimulation can lead to 
a rate of fatigue slower than that of the direct motor point stimulation. Our results show that 
stimulation of the nerve bundle led to a slower decline in both force and EMG over time, which 
was potentially due to a more spatially distributed activation of muscle fibers. These findings 
support the potential benefits of proximal nerve stimulation as an alternative to traditional NMES 





This study recruited 8 control subjects [6 male, 2 female, 20-34 years of age] without any 
known neuromuscular disorders. Each subject received electrical stimulation transcutaneously, 
and the resultant muscle response was recorded via electromyography (EMG) electrodes and 
force transducers. All subjects gave informed consent with protocols approved by the 
Institutional Review Board of the University of North Carolina at Chapel Hill.  
Experimental Setup 
Prior to any setup, subjects were asked to clean the anterior skin surface of their right arm 
and palm with NuPrep abrasive gel (Weaver and Co.) in preparation for electrode placement. 
Upon use of the abrasive gel, all remaining pumice was also removed using standard alcohol 
wipes. In addition to the hand and forearm, the medial side of the upper arm was also cleaned 
with alcohol wipes. 
Stimulation Generation and Electrode Setup 
In order to compare the difference in rate of fatigue between proximal nerve and motor 
point stimulation, two separate sets of stimulation electrodes were placed on the subject’s arm. A 
2x8 grid of round gel electrodes with 1cm diameter (Kendall H59P Cloth Electrodes, Covidien-
Medtronic Inc) was attached beneath the short head of the biceps brachii (bulge of the biceps 
muscle) for the transcutaneous proximal nerve stimulation (Figure 3.1B).  The grid was placed at 
a location where the median and ulnar nerves are superficially accessible.  Each of the grid 
electrodes was then connected to the columns of a switch matrix (34904A, Agilent 
Technologies), the rows of which were then connected to the cathode and anode of a stimulator. 
The stimulator could deliver electrical stimulation through the switch matrix to any pair of 
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electrodes.  For the transcutaneous motor point stimulation, a single pair of 2x3cm cloth gel 
electrodes (Kendall H59P Cloth Electrodes, Covidien-Medtronic Inc) was placed over the 
proximal compartment of the finger flexors.  The location of the electrode pairs was fine-tuned, 
such that the largest muscle contraction force was obtained with a given current stimulus.  
Constant pressure was applied to both electrode configurations with a custom-made clamp to 
ensure a consistent relative positioning of the electrodes to the underlying nerve bundles or to the 
Figure 3.1: Experimental Setup. A) Four Finger Force Transducers and HDEMG Electrode Arrays. Each of the four 
fingers were individually cradled and secured to the force transducers. The HDEMG electrodes were attached first 
with double sided stickers and then additionally taped around the edges to secure their placement. B) Nerve 
Stimulation Array. Illustration of the 16 stimulation electrodes placed along the proximal median and ulnar nerves 
underneath the biceps brachii. It is assumed that different electrode pairs generate different electrical fields which 
can activate differing proportions of neurons in the underlying nerve bundles. 
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muscle belly. All electrical stimulation was delivered by a multi-channel programmable 
stimulator (STG4008, Multichannel Systems). The stimulator was controlled using a custom-
made MATLAB (v2016b, MathWorks Inc) user interface, which could generate stimulation 
trains with adjustable current amplitude, pulse width, pulse rate, and stimulation duration.  The 
stimulator operated at a current range of ± 16 mA (2 µA resolution) and a temporal resolution of 
20 µs. A pulse width of 500 µs and a pulse rate/frequency of 25 pps was used across all the 
subjects. A stimulation rate of 25 pps was selected to mimic the average motor unit discharge 
rates during voluntary muscle activations [26,27], and similar rates have been used widely in 
other electrical stimulation studies [28,29].  
Finger Force Measurement 
To measure individual finger forces elicited from the stimulation, the subject’s right hand 
was placed against a set of four force transducers (SM-200N, Interface Inc.), one for each of the 
fingers (Figure 3.1A). These transducers were secured to a machined aluminum frame, 
positioned one above another with the transducing elements facing away from the frame. The 
frame was secured to the workbench to ensure complete translation of finger flexion forces to the 
transducers. Custom 3D printed cradles designed to fit on the load cells secured the phalanges in 
a straight and comfortable position during stimulation. The wrist was at neutral position at a 0° 
flexion-extension and pronation-supination angle. The load cell position was adjusted to 
comfortably cradle the fingers, which were then secured above each interphalangeal joint to their 
corresponding transducers using 1 cm wide Velcro straps. To prevent the wrist from applying 
force to the load cells, the palm and wrist were restricted between Styrofoam-covered wooden 
blocks, which were in turn secured to the table with industrial-grade Velcro. The force signals 
were amplified individually and then recorded through a USB-6225 Multichannel Data 
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Acquisition System (National Instruments Inc.) using a custom MATLAB user interface and 
sampled at 1000 Hz. The real-time force signal could be monitored by the experimenter 
throughout the experiment. 
High-Density EMG Acquisition 
In addition to the finger load cells, high-density electromyography (HDEMG) electrodes 
(OTBioelettronica) were used to assess the electrophysiological muscle response to stimulations. 
HDEMG was selected over more traditional EMG recording methods so that both the temporal 
and spatial distribution of EMG activity across a wide area could be quantified. The electrode 
grid also allowed us to capture any potential activity of the small intrinsic muscles.  Specifically, 
the intrinsic hand muscle activity was detected by a 4x8 HDEMG electrode grid secured to the 
right palm, and extrinsic hand muscle activity was detected by an 8x8 HDEMG electrode grid 
secured to forearm over the finger flexors (Figure 3.1A). Both HDEMG grids had a 10 mm inter-
electrode spacing. The EMG signals were amplified with a gain of 500 and a bandwidth of 10-
900 Hz (EMG USB2+, OTBioelettronica), and the data was sampled at 2048 Hz. 
Experimental Procedure  
Initial Force Matching 
After the experimental setup, the maximum motor point force response obtainable 
through stimulation was acquired by increasing the stimulation current in steps of 0.5 mA until 
no further noticeable increase in peak force output could be seen or the maximum current of the 
stimulator (16 mA) was reached. Due to the limitations of motor point electrical stimulation and 
our stimulator maximum current, it was unlikely that this force represented the maximum force 
generation capacity of the muscle, but something more akin to the false plateaus seen in the 
study by Buckmire et al. [20]. The four-finger sum of this maximum stimulated force and current 
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level was recorded.  This identified current was then used later for the fatigue trials.  The 
proximal nerve stimulation grid was used to find a pair of electrodes which could elicit a force 
matched to the maximum motor point stimulated force. Activating different pairs of electrodes 
along the grid stimulated different portions of the nerve fibers. Therefore, sequentially 
stimulating different pairs of electrodes led to a rapid survey of the nerve-stimulated finger 
movements, allowing the experimenter to quickly find electrode pairs that elicited a desired 
response. Through this initial search, the experimenter attempted to best match the summed four-
finger force of the proximal nerve stimulation with that of the previously recorded maximum 
force of the motor point stimulation. The initial force matching was accomplished by modifying 
the input current. The current was adjusted at first in coarse steps of 0.5 mA and then in finer 
steps of 0.1 mA until the measured peak force sum matched the recorded maximum from motor 
point stimulation. This current level was recorded and used throughout all of the subsequent 
proximal nerve fatigue trials. 
Fatigue Stimulation 
After determining the current levels from the two stimulation protocols with matched 
force outputs, fatigue trials were setup in order to elicit continuous muscle contractions for five 
minutes.  Each five-minute stimulation constituted one trial, and a constant stimulation train of 
500 µs biphasic pulses at 25 pps was used for all trials.  The continuous five-minute stimulation 
was used to mimic a standard voluntary fatigue task which involves prolonged contractions at set 
force levels to task failure. Additionally, the five-minute duration was chosen based on our 
preliminary testing which suggested that the majority of the force decline occurred within this 
time period when stimulating constantly, and therefore was deemed sufficient to induce minimal 
force generation by the end of the stimulation. The current amplitude depended on the previously 
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identified level for each protocol. The subject was given five minutes of rest between each trial 
to allow the muscles to recover from the induced fatigue. A total of six trials were conducted for 
each subject –three trials for both motor point and proximal nerve stimulation. The first 
stimulation method was selected at random, and then the two methods were alternated after the 
rest periods. The four-finger force and HDEMG activity were both recorded throughout this 
duration and synchronized with the stimulation output. 
Data Processing 
The force data from all trials were smoothed using a sliding window average of 1 second 
with a sliding step of 1ms over the entire 5-minute trial. The average peak force of each trial was 
obtained by first averaging the 4 finger forces together and then obtaining the maximum value 
achieved for that trial. For the HDEMG, each of the 96 channels (32 Hand + 64 Arm) was 
visually inspected for any non-functioning or high-noise channels. These were marked and 
Figure 3.2: Sample HDEMG Activity of the Arm and Hand. Light green traces indicate early CMAPs and 
the darker lines represent the last CMAPs. Only a stimulation every 10 seconds was shown to reduce 
clutter. Each box represents a 30 ms window, with a range of ±2.5 mV. 
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excluded from further analysis. The signals from the remaining EMG channels were segmented 
at each individual stimulation time in order to obtain the individual compound muscle action 
potential (CMAP) across the trial. As the exact timing of each stimulation was known, this 
information was used to separate the entire 5 minutes (300 s) of EMG into 7500 separate 
segments of 40 ms each (1/pulse rate) corresponding to each stimulation pulse. The CMAP was 
extracted from the 5-30 ms after each stimulation for each segment. A representative example of 
these CMAPs across the hand and arm EMG arrays is shown in Figure 3.2.  
For each CMAP, the Area-Under-the-Curve (AUC) was calculated as a measure of 
activity induced at each EMG channel with each stimulation. For a continuous function, the 
AUC would be the integral of the absolute CMAP over time as shown in Equation 1. 
𝐴𝐴𝐴𝐴𝐶𝐶𝑖𝑖,𝑗𝑗  = ��𝐶𝐶𝐶𝐶𝐴𝐴𝐶𝐶𝑖𝑖,𝑗𝑗(𝑡𝑡)� 𝑑𝑑𝑡𝑡 (1) 
These AUC values were then arranged into a matrix which corresponded to the spatial 
orientation of the HDEMG array (row i and column j). Figure 3.3 shows a sample of the AUC 
values at different time points from both stimulation methods. A total estimate of the EMG 
activity across each m x n HDEMG grid was then calculated by taking the 2D discrete integral of 
the AUC values (Equation 2), which was equivalent to a volume estimation in the 2D map, 
considering the AUC as a third dimension.   
𝐸𝐸𝐶𝐶𝐸𝐸 𝐴𝐴𝐴𝐴𝑡𝑡𝐴𝐴𝐴𝐴𝐴𝐴𝑡𝑡𝐴𝐴 ≈ 𝐴𝐴𝐴𝐴𝐶𝐶 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 =
1
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Lastly, a value that represents the coverage area of the EMG Activity was obtained by 
dividing the AUC Volume by the maximum AUC value of each grid. Mathematically, this value 
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represents the base area of a cylinder with equal volume and height to the calculated AUC 
Volume. 
Figure 3.3: Single subject AUC Values at different times. Left is from the nerve stimulation and the right is from the 
motor point stimulation. AUC Values shown as scaled colors. Each array of AUC values represents a single 
stimulation. 5 different time points are shown, starting at the time of the peak force and each subsequent minute 
after. The 2D trapezoidal integral was then calculated over each AUC Array to find the overall estimate of EMG 
activity in the HDEMG pads. The same set of data shown in Figure 3.2 are also shown on the left here. 
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Data Analysis 
Despite the 5 minutes rest between each trial, the motor point stimulation showed a 
chronic decline of the peak force level after the first trial and was no longer matched in force 
level with the nerve stimulation. Additionally, in two subjects, no force was generated in the 
second and third motor point stimulation trials, and the trials themselves were ended early and no 
further data were obtained. Therefore, only the first stimulation trial with matched initial forces 
was used to compare the force decline between the two types of stimulations. The force and 
EMG data were fit to an exponential decay function with offset (Equation 3) and the fit 
parameters were extracted to describe the overall fatigue-related declines.  
𝑓𝑓(𝑡𝑡) = 𝐴𝐴 + 𝐵𝐵𝑉𝑉𝜏𝜏𝜏𝜏 (3) 
For proper fitting, only the data following the initial peak force was used. A paired t-test 
was used to compare the peak forces and the decay rates (τ) between the two stimulation 
approaches. Additionally, values at each minute following the peak were used to compare the 
overall time course of the force decay between the two conditions. Paired t-tests were also used 
to compare the normalized forces at each time interval. An α value of 0.05 was used for all tests 
of statistical significance.   
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Results 
Initial Force Comparison 
For a fair comparison, the initial forces needed to be matched between the two 
stimulation approaches. Figure 3.4A shows the individual peak forces for each subject. Blue bars 
indicate the forces from the motor point stimulation, and the red bars represent the proximal 
nerve stimulation. To evaluate the peak force levels, a statistical comparison of the two 
stimulation conditions showed that there was no significant difference between the two 
stimulation approaches (p=0.4279). The summary of the current amplitudes used for each mode 
of stimulation are shown in Figure 3.4C. The averaged current amplitude used across all the 
subjects for the motor point stimulation was 15.25 ± 1.17 mA (Mean ± Standard Deviation), 
whereas the current used for the nerve stimulation was 5.33 ± 1.66 mA. It is important to 
Figure 3.4: Peak Force Values between the two stimulation approaches across subjects and current parameters. A) 
Peak Force Comparison. The peak force from the first trial of each stimulation condition is shown for individual 
subjects. Blue bars represent the peak force from the motor point stimulation and the red bars correspond to the 
nerve stimulation. B) Normalized Peak Forces Over Multiple Trials. Lines indicate the grand mean of normalized 
peak values across the subjects for each trial. Error bars indicate the single Standard Error across the 8 subjects. C) 
Summary of current amplitudes used for each condition.  
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highlight that the average current used for the nerve stimulation was roughly a third of the motor 
point stimulation.  
The initial peak forces across trials between the two stimulation approaches are shown in 
Figure 3.4B. Each set of trials was normalized based on the first trial for each subject. The 
normalized peak forces were averaged across the subjects to obtain the single mean and standard 
errors shown. The motor point stimulation showed a clear decrease in force after the second and 
third trials, indicating a sustained fatigue effect, whereas the initial peak forces with nerve 
stimulation mostly remained consistent. The long-lasting effects shown in the motor point 
stimulation did not seem to impact the force generation capabilities of the proximal nerve 
stimulation. 
Distribution of HDEMG Activity 
After the 2D integration of the AUC across the HDEMG array was calculated, the initial 
Peak EMG volume at the beginning of the stimulation for each trial was used to estimate the 
overall activity in both the Hand and Arm EMG electrode arrays. Separate activity between the 
two arrays was displayed as an overlaid histogram in order to quantify the distribution of muscle 
activity between the motor point and proximal nerve stimulations (Figure 3.5A). The data were 
compiled from all the trials across all the subjects.  
The overlaid HDEMG activity histograms in the arm showed relatively similar ranges of 
activation, but the hand HDEMG histogram revealed an increased distribution of activity in the 
proximal nerve stimulation. A Two-Sample Kolmogorov-Smirnov Test was used to evaluate 
whether the ranges of activity were significantly different.  The arm HDEMG activity showed no 
significant difference (p=0.88), but the hand HDEMG showed a significant difference in the 
distributions (p=0.00097).  The distribution comparison provided insight into the ability of the 
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nerve stimulation to induce EMG activity in both the arm (extrinsic) and the hand (intrinsic) 
muscles. The motor point stimulation was much more localized to the stimulation sites, as 
expected. As another estimate of the spread of the EMG activity, the EMG Area Coverage was 
calculated as the area of the base of a cylinder of equal AUC Volume and height. Again, the 
overlaid histograms in Figure 3.5B showed that the nerve stimulation trials had a more rightward 
distribution of the base area estimate, which suggested that the EMG evoked by the nerve 
stimulation had a wider base area, and therefore was present across more channels on the 
HDEMG grid. The results suggested that the nerve stimulation evoked EMG activity across more 
channels in the HDEMG grid. A Two-Sample Kolmogorov-Smirnov Test showed a significant 
difference (p=0.034) between the nerve and motor point Area Coverage distributions. 
Fatigue Assessment based on Force and HDEMG  
The overall force profile over the 5-minute trials was fit to an exponential decay function 
to quantify the rate of decline of the force over time. Figure 3.6A shows a representative example 
of the force decay between the two stimulation approaches. The solid colored lines are the 
smoothed force data, and the dotted lines are their exponential fits.  
Figure 3.5: HDEMG Activity histograms to compare HDEMG Distribution. Left) AUC Volume 
Comparison between the Arm and Hand. The y-axis is the count of trials in each bin, and the x-axis is the 
Peak AUC Volume. Right) Compared spatial spread of the two stimulation methods. The y-axis is the 
count of trials in each bin, and the x-axis is the EMG “Area” to estimate spatial distribution 
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Figure 3.6B shows the individual force decay rates (τ) for each subject and stimulation 
approach. A larger decay rate indicates a faster decline of the force value. In all but one subject 
(S6), the forces from the motor point stimulation had a larger magnitude of decay rates than 
those of the nerve stimulation. In Subject 3, this difference in magnitude was relatively smaller 
than others. The decay rates of each of the exponential fits of all the subjects were evaluated 
using a paired t-test, between the motor point and nerve stimulation. The force decay rates were 
significantly higher (p=0.0114) in the motor point stimulation (-20.4 ± 1.1 (s-1 x10-3), Mean ± 
SE) compared with the nerve stimulation (-12.1 ± 2.5 (s-1 x10-3), Mean ± SE).  
Figure 3.6: Decay Rate Samples and Comparison. Top is Force data, Bottom is HDEMG. A/B) Sample 
Trial Decay Figure for a subject (S5) with overlaid exponential fit equations. B/D) Exponential Fit Decay 
Rate Summary. Decay constants of the exponential fit of the declining force/HDEMG over the 5-minute 
fatigue trial. Note the inverted y-axis (larger bars are more negative decay rates). 
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Similarly, the overall HDEMG activity in the arm pad over time was compared between 
both stimulation methods. The HDEMG in the hand was not further analyzed, because the 
HDEMG activity in the hand was limited with the motor point stimulation, as mentioned 
previously. In general, the HDEMG activity showed a different falling time course as the force 
fatigue (Figure 3.6C). All the subjects showed a faster decline in the arm pad EMG activity 
through the motor point stimulation over the nerve stimulation (Figure 3.6D). Notably, subjects 
2, 5, and 6 showed much larger differences in EMG decay rate than in the other subjects. The 
HDEMG decay rates, similar to the force decay rates, also showed a significant increase (p= 
0.0140) in the motor point stimulation (-4.33 ± 0.76 (s-1 x10-2), Mean ± SE)  compared with the 
nerve stimulation (-1.96 ± 0.41 (s-1 x10-2)).  
As a further analysis of the origin of the variability in the decay rates, Pearson’s 
correlation coefficients were calculated between decay rate magnitudes and the peak force or 
coverage area. The peak force value and the force decay rate magnitude had weak inverse 
correlations for both the motor point (-0.318) and the nerve (0.381) stimulations, while the 
coverage area showed no correlation with the decay rates for either the motor point (0.076) or the 
nerve (-0.007) stimulations. The weak correlations indicated that the differences in the initial 
peak force or the area of EMG activity were not strong predictors of the observed differences in 
the decay rate, as many other inter-subject variables (such as the differences in thickness of 
subcutaneous fat or muscle volume) may be at play with regards to the decay rate variability. 
Time Course of Force Decline 
To further evaluate the differences in force decline at different time points throughout the 
stimulation, single force values at each minute after the peak force were isolated from each 
subject for both conditions. For comparison across subjects, these force values were normalized 
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based on the mean peak force from both stimulation conditions of each subject. Figure 3.7 shows 
this overall summary of the force decline at 5 different time points (Peak and 4 subsequent time 
instances). The results showed that the difference between the two conditions was initially large 
within the first and second minute, and the difference became smaller at four minutes. The paired 
t-test p-values at each time point were: Peak – 0.528, 1 Minute – 0.066, 2 Minute – 0.064, 3 
Minute – 0.129, 4 Minute – 0.242. Although none of the time intervals showed statistical 
significance, the values at both the first and second minute showed larger differences relative to 
other time points.   
  
Figure 3.7: Time Course of Force Decline.  Normalized force values from all subjects selected from each 
minute after the peak. Error bars indicate the standard error across subjects 
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Discussion 
This study was designed to compare the fatigability of traditional motor point stimulation 
to our non-invasive proximal nerve stimulation method. For both these methods of sustained 
electrical stimulation, the overall decay rates in the collected force and HDEMG data were used 
to quantify the fatigue time course. Overall, our results showed that the proximal nerve 
stimulation can lead to a slower decline in force and EMG with sustained activation. It was also 
observed that the nerve stimulation elicited more EMG activity both in the hand and in a wider 
area of the forearm. These suggest that a potential mechanism of the delayed fatigue is the larger 
distributed area of muscle activation both within a muscle and across intrinsic-extrinsic muscles 
via the nerve stimulation. These findings highlight the potential benefits of our non-invasive 
electrical stimulation method for long-term functional electrical stimulation of the hand.  
Fatigue and Stimulation Efficiency 
Fatigue is often characterized by the decrease of force output with sustained or repeated 
contractions [30]. At functionally relevant force levels, traditional electrical stimulation at the 
motor point may cause rapid onset fatigue for a variety of reasons as described previously [3]. In 
our current study, in order to emulate a fatiguing contraction, continuous electrical stimulation 
was delivered to superficial nerves either at a distal location, closer to the motor endplate, or at a 
more proximal location over the whole nerve bundle. As total force output is also considered a 
key factor in muscle fatigue, the summated force output of the four fingers were matched as best 
as possible between the two methods. From this similar starting point, the motor point force and 
HDEMG decayed faster than the proximal nerve stimulation, which supports our hypothesis that 
the proximal nerve approach is able to reduce the rate of fatigue in the contracting muscles.  
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One potential mechanism driving the difference in the fatigue time course between the 
two stimulation approaches can be found in Figure 3.5. The proximal nerve stimulation was not 
only able to stimulate activity in both the arm and hand, but it also appears to generate EMG 
across a larger area of the underlying muscle. The results indicate that the proximal nerve 
stimulation is able to activate a broader range of finger flexor muscles, both intrinsic muscles in 
the hand and varied extrinsic muscles in the forearm. Accordingly, the disparity in the fatigue 
time course as well as stimulation efficiency could be explained by the differences behind the 
two separate mechanisms used to generate force. In proximal nerve stimulation, the more 
spatially dispersed activation of muscle fibers leads to force being generated across multiple 
muscles, and as the force is distributed across other tensioned muscles and tendons, there may be 
an additive effect to the final force. However, with the motor point stimulation, only the local, 
superficial muscle fibers are activated and so only a small subset of the muscle is activated while 
the remaining parallel muscles remain inactive.  Therefore, even though the overall force level 
was matched, the relative force contribution of the stimulated muscles between the two 
conditions are likely to be different. 
The lack of spatially distributed muscle activation in the motor point stimulation can also 
explain the chronic depression of peak force output present in those trials. Although both 
stimulation methods were given the same five minutes of rest between trials, the set of muscles 
stimulated via the motor point were not able to recover from the fatigue in the time given. This 
chronic peripheral fatigue is likely due to an excess accumulation of peripheral metabolites in the 
muscle caused by the sustained stimulation of a limited area [8]. It is also possible that this effect 
is aggravated due to decreased blood flow in the local stimulated region, adding to the fatigue 
and decline of force. The fact that the nerve stimulation trials did not decrease in peak force 
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suggests that different groups of muscle fibers are stimulated with each stimulation method.  
Overall, we can infer that the difference in the spatially distributed activation of muscles through 
the proximal nerve stimulation over the motor point stimulation contributes to the reduced rate of 
muscle fatigue. 
The observed differences in spatial muscle activation between the two stimulation 
approaches in our study largely arise from the anatomical differences in the targeted location of 
the nerve fibers along the arm. The location of the motor point is a region where the distal 
branching of the nerve bundle is superficially available for stimulation.  Compared to a more 
proximal section, this portion of the nerve bundle only innervates a limited area of muscle.  In 
the case of traditional NMES at the motor point, the fatigue caused by the non-physiological 
recruitment of MUs is likely aggravated when combined with such a small area of activation. 
This problem of rapid fatigue has mainly been approached via attempts to distribute the load 
across multiple groups or regions of muscle. Various groups have attempted to solve this NMES 
limitation by utilizing multi-electrode pads and multi-source stimulations [18–20]. These studies 
showed that muscle fatigue can by delayed by distributing the stimulations across different areas 
both temporally and spatially. Even though the stimulation was directly on the muscle, by 
stimulating multiple portions at different times, the overall load on a single portion of the muscle 
is reduced. The underlying muscle then has less fatigue burden to recover from, allowing for 
greater sustained stimulation and functionality. The results of our current study suggest that our 
proximal nerve stimulation approach is able to achieve a distributed activation of muscles similar 
to the previous studies referred earlier. However, this is achieved through the natural underlying 
anatomy of the nerve bundles.  The stimulation method used in our study targeted the nerve 
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bundle more proximally, prior to branching into the finger flexors, and it is therefore able to 
activate more distributed motor axons and hence more muscle fibers.  
Another potential mechanism involved in the reduction of force decline through proximal 
nerve stimulation is a change in the central components of muscle activation from the brain or 
spinal cord. Previous studies by Bergquist and colleagues [21,21] showed that the stimulation of 
the nerve trunk as opposed to the muscle belly is able recruit more central pathways through 
reflex activation in the triceps surae and quadriceps muscles. A similar principle may be in play 
in this study, although as we stimulated at high relative currents, the majority of the CMAP 
responses largely consisted of M-Waves with minimal H-Reflexes. However, this does not 
preclude the possibility that some afferent stimulation may be activating central pathways in the 
spinal cord for other asynchronous activation, as shown by Bergquist et al [21,21]. Excitation of 
the motoneuron pool through afferent activation would ideally recruit low-threshold motor units 
in a physiological order which could also contribute to reduced fatigue caused by the electrical 
stimulation [31]. In addition to afferent excitation of the motoneuron pool, other central factors 
could also influence the fatigue rate of electrical stimulation. Pain has been known to cause 
inhibition of spinal motoneurons [32] and reductions in H-Reflex amplitudes. Although 
stimulation amplitude was limited so that subjects were below the pain threshold, in general, the 
higher current involved in motor point stimulation may still trigger nociceptive afferents which 
cause a reduction in spinal excitability and ultimately reduce the fatigue-delaying effects of any 
reflex activation. An important future study would be to further investigate the activation of 
central pathways through reflex activation by adjusting the current intensities when using the 
proximal nerve stimulation method for hand grasp. 
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Lastly, our analysis of the force decline at different time points did not show any 
significant difference at specific times suggesting that the difference seen in the overall decay 
rate is a more compound effect across the whole stimulation period. However, the lower relative 
p-values from the paired t-tests at 1 and 2 minutes after the peak force may suggest that the rate 
of decline of force is more important earlier between the two conditions, whereas as the 
differences in fatigability wash out after a prolonged time. This is largely expected because task 
failure can arise eventually after sustained contractions, regardless of the types of muscle 
activations (including voluntary muscle activation). Further investigation into the total amount 
force decline and loss of force generation capacity itself may help to better understand the 
different mechanisms at play.  
Aside from the differences in force decline, another distinction between the two 
stimulation conditions is the significantly lower stimulation current used in the proximal nerve 
stimulation. This difference suggests that the nerve stimulation method itself is more efficient 
(Force per Current) in producing a set level of forces.  The different efficiency can arise from the 
different levels of accessibility of the nerve axons between the two stimulation techniques.  For 
the nerve stimulation at the proximal nerve bundle, a majority of the axons innervating the 
extrinsic and intrinsic finger muscles can be readily activated transcutaneously, given that the 
ulnar and median nerves are superficial to the skin. By delivering electrical current to different 
pairs of electrodes in the grid, different axons in the bundle can be activated.  In contrast, with 
the electrodes placed at the muscle belly, the motor point stimulation targets the distal branches 
superficial to the skin.  In order to access the deeper nerve branches in the muscle, a higher 
current is typically required.  The higher stimulation efficiency is beneficial from several 
76 
practical aspects, such as reducing user discomfort/pain and allowing a more compact stimulator 
with a smaller battery. 
Limitations 
A limitation in the current study was the concurrent use of the HDEMG array and motor 
point stimulation. As the EMG electrode was over the bulk of the muscles in question, the motor 
point stimulation may not have been in the ideal position to generate the most force. This was 
addressed by using the maximum force obtained from the motor point stimulation as the desired 
force level for the nerve stimulation. Even though the total force may not have been the 
maximum possible, the comparison still lends insight into the relative differences in fatigue 
between the two stimulation methods. A related consideration was the usage of the absolute 
force of the motor point stimulation to match both stimulation methods, rather than using a 
percentage of each subject’s maximum voluntary contraction (MVC). This experimental decision 
was made because the relative amount of force which could be generated through electrical 
stimulation varied greatly between subjects. An arbitrary choice of matched %MVC would not 
only have been difficult to achieve in all subjects but would also increase the setup time in tuning 
both stimulation methods. Another limitation of this study is the difference between our chosen 
continuous fatigue procedure, and the more common usages of therapeutic NMES, where 
stimulation is delivered in shorter intermittent bouts. Although not representative of typical 
NMES use, the 5 minutes of continuous stimulation was used to induce a more differentiable 
effect of the decline in force, while also being able to track the time course of this decline 
throughout the stimulation period. Lastly, our results showed that distinct sets of muscles were 
recruited in the two stimulation approaches as the long-lasting decline in force generation did not 
show in the alternated conditions.  Although unlikely, it is still possible that muscle fibers 
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recruited in the motor point stimulation had a higher proportion of fast-fatigable motor units 
compared with the nerve stimulation condition, which could potentially bias the fatigue time 
course.  
Conclusions 
This study compared the sustained application of two stimulation methods and their 
sustained force generation capabilities. Our results suggest that proximal nerve stimulation may 
lead to a slower rate of fatigue in finger flexion, and therefore may help overcome some of the 
major drawbacks of functional electrical stimulation. The outcomes have critical implications for 
clinical applications.  It is known that individuals with neuromuscular disorders tend to show 
early fatigue onset leading to muscle weakness when compared with intact individuals [33], and 
our nerve stimulation technique with a slower fatigue time course can potentially promote wide 
clinical applications. Moving forward, further development of the electrode grid and a better 
understanding of the types of movements readily available will improve the feasibility of our 
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CHAPTER 4 : ACTIVATION OF FDS AND FDP MUSCLES THROUGH 
TRANSCUTANEOUS NERVE STIMULATION 
Introduction 
The restoration of hand function and the ability to perform activities of daily living are 
often ranked as the highest priorities for individuals following a neurological injury such as 
stroke [1] or spinal cord injury [2]. Functional Electrical Stimulation (FES) is a widely used 
technique for the restoration of hand grasp strength and object manipulation in these clinical 
populations [3–6]. The typical application of FES involves electrodes placed on the skin directly 
over the muscles that produce the desired movement or function. For conventional surface 
stimulation methods, the muscles that are closer to the skin surface are preferentially activated 
over other deeper muscles [7–9]. Therefore, it is difficult to activate important hand muscles 
such as the FDP which lies deeper beneath the surface. For the forearm, this results in FES 
induced motions of the hand which are limited to activation of the flexor digitorum superficialis 
(FDS) muscle which mainly leads to flexion of the proximal interphalangeal (PIP) joints [10]. 
Additional stimulation of the intrinsic palmar lumbricals and interossei can enable greater MCP 
joint flexion [11], but activation of the deeper flexor digitorum profundus (FDP) muscle for 
distal interphalangeal (DIP) joint flexion is not typically achievable [12]. Without the activation 
of all joint levels, conventional hand FES may result in incomplete grasp patterns and finger 
prehension which may lead to inadequate functional restoration when using FES systems. 
As an alternative approach to stimulating the muscles at the motor points, electrical 
stimulation can be delivered to a more proximal location where the corresponding nerves of the 
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desired muscles are locations more superficially [13–16]. In the case of the finger flexors, the 
median and ulnar nerve bundles can be targeted for stimulation from the medial side of the upper 
arm, near the bulge of the biceps brachii. Several studies have previously shown that stimulation 
in this region can be used to generate a variety of single and multi-finger activation patterns [15–
18] which span all the joints of the hand. In particular, the kinematic results of this stimulation 
method are important as they showed that flexion of the DIP joints was possible [15]. However, 
although the flexion of the DIP joint is mainly controlled by the FDP muscle, it is not well 
understood from the kinematics alone whether the DIP joint was actively flexed by the 
stimulation of the FDP, or passively moved by the contraction of the other muscles. The 
validation of the active contraction of the FDP muscles due to proximal nerve stimulation is an 
important exploration of the method and supports its utility as a FES approach. 
The detection of muscle activation is most commonly investigated using 
electromyography (EMG) at the surface of the skin to record the changes of electrical potential 
caused by the excitation-contraction coupling of underlying skeletal muscle [19]. However, these 
non-invasive surface EMG approaches are also typically limited to the more superficial muscles 
and cannot discriminate between signals from superficial or deeper sources. Alternatively, 
intramuscular EMG has high spatial specificity, but can be difficult for routine practice to target 
the desired muscle of study without prerequisite expertise [20]. Rather than measuring electrical 
signals, another option for detecting muscle contraction is to use imaging techniques to capture 
the changes of muscle morphology [21,22]. Ultrasound is a commonly used imaging modality in 
this regard due to its low-cost, fast, and convenient ability to record images of muscle tissues 
during contraction [23]. As ultrasound can only measure in a single image plane, muscles are 
typically recorded either longitudinally along the length of a single targeted muscle or transverse 
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to the limb so that a cross-section of multiple muscles can be imaged. Transverse ultrasound of 
the forearm has been commonly used for finger motion recognition and classification due to its 
ability to capture the contractions of a number of skeletal muscles in the forearm compartment 
simultaneously [24–28]. 
The objective of the current study was to use transverse ultrasound of the forearm during 
proximal nerve stimulation to investigate whether the stimulation induced activation of 
either/both FDS and FDP muscles. To capture the specific muscle contraction, we adapted a 
previously developed morphology deformation algorithm to identify activation of the forearm 
muscles during finger flexion [26]. Prior to this study, we also performed intramuscular 
recordings as a preliminary validation of the ultrasound muscle deformation as a surrogate 
measure of muscle activation. The transverse forearm ultrasound was recorded during stimulated 
motions and kinematically-matched voluntary motions. Our results revealed a significant 
correlation in the muscle deformation locations between the stimulated and voluntary motions. 
We were able to show the activation of muscles at two distinguishable depths associated with the 
FDS and FDP muscles, which corresponded to the finger joint kinematics. This selective or 
concurrent activation of the extrinsic flexor muscles supports the utility and future development 




In this study, 12 intact subjects (10 males, 2 females, 19-35 years of age) without any 
known neurological disorders were recruited. The subjects received transcutaneous electrical 
stimulation through an electrode grid placed near their biceps brachii to elicit various finger 
flexion patterns. The resultant movement and muscle response were recorded using motion 
capture of the hand and ultrasound imaging of the forearm. Before experimentation, all subjects 
gave informed consent with protocols approved by the Institutional Review Board of the 
University of North Carolina at Chapel Hill.  
Experimental Setup 
Electrical Stimulation 
After cleaning the skin with sterile alcohol wipes, a 2 x 8 array of gel electrodes, 
approximately 1 cm in diameter (NeuroPlus Disposable Medical Electrodes; Vermed, Inc.), were 
placed on the subject’s right arm near the short head of the biceps brachii on the medial side. 
This placement, seen in Figure 4.1, was chosen for its superficial proximity to the median and 
ulnar nerve bundles [15–17]. The 16 electrodes were connected through a switch matrix 
(34904A; Agilent Technologies), which allowed any two electrodes to be connected to the anode 
and cathode of a bipolar programmable stimulator (STG4008; Multichannel Systems, 
Reutlingen, Germany). The electrodes were secured in place using a custom vice that applied 
pressure over the electrode array into the subject’s upper arm. Stimulation was controlled using a 
custom MATLAB (version 2016b, MathWorks Inc) user-interface. All stimulation trains were 
designed using biphasic pulses of 500 µs pulse width at 30 Hz. Current amplitude was modulated 
as needed to induce muscle contraction at the different pairs of electrodes 
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Finger Motion Tracking 
The subject’s finger kinematics were recorded using an 8-camera optical motion tracking 
system (Optitrack; Natural Point, Inc). Five 6 mm IR-reflective markers were placed on each of 
the fingers of the subject’s right hand. Markers were adhered to the skin immediately proximal to 
each of the 3 joints of each finger with 2 additional references placed on the fingernail and over 
the metacarpal bone. A 4-marker rigid body was placed at the wrist to help orient the rotation of 
the forearm. In total, each subject had 24 optical markers placed on their right arm. The 3D 
positions of all the markers were recorded in 120 fps using motion capture software (Motive; 
Natural Point, Inc). All motion capture data were manually labelled within Motive and exported 
to MATLAB for further calculations.  
Ultrasound Recordings 
The transverse cross-section of muscle contraction was recorded in all subjects using a 
clinical Doppler ultrasound system (S2; SonoScape Medical Corp.) with a 5-10 MHz linear array 
transducer (L741, SonoScape Medical Corp.). Ultrasonic transmission gel (Aquasonic 100, 
Figure 4.1: Experimental Setup. Reflective markers were placed on the hand to track finger motions and ultrasound 
was recorded from a quarter distance along the forearm to image the changes in muscle tissue with contraction. A 
stimulation electrode grid was placed along the medial side of the upper arm below the bulge of the biceps. This 
location has previously shown to be able to elicit various flexion motions via electrical stimulation. Note: the hand 
was rotated for the purpose of the picture and does not represent the normal neutral position. 
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Parker Laboratories, Inc.) was placed on the transducer and then the probe inserted into a custom 
3D printed holster. As seen in Figure 4.1, the ultrasound probe and holster were then secured on 
the subject’s arm at a distance 25% down the length of the forearm from the cubital fossa to the 
wrist. A concentric Velcro strap was used to hold the holster at this location for the entire 
duration of the experiment.  This location was chosen because it contains the largest volume of 
the extrinsic finger flexor muscles. All ultrasound videos were directly recorded on the S2 at a 
sampling rate of 54 fps, and subsequently exported to MATLAB in sets of 46 x 46 mm image 
frames. 
Experimental Procedure 
All subjects were seated comfortably in a chair with their right arm resting in front of 
them on foam blocks. The subject’s hand was oriented so that their forearm was in a neutral 
position, and the palm was facing to the left. After the experimental setup was completed, the 
stimulation electrode array was used to identify unique stimulated motions which ideally induced 
single finger motions in only the PIP or DIP joints. A custom MATLAB GUI was used to deliver 
stimulation pulse trains of 1 second duration to any pair of electrodes in the stimulation array. 
Typically starting at 2-3 mA current pulses, random pairs of electrodes were stimulated, and the 
fingers were visually observed for any distinguishable movements. Subjects were then asked to 
voluntarily return to the same pre-stimulation baseline position after each stimulation. This was 
repeated across the entire electrode grid until at least two distinct motions were found in different 
sets of fingers. When possible, the chosen stimulation locations elicited one proximal motion of 
mostly MCP/PIP joints, and one distal motion of mostly the PIP/DIP joints. For these selected 
stimulation locations, the amplitude was increased in 0.1 mA increments until the strongest level 
of activation of the specified motion was possible without additional recruitment of other 
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adjacent fingers or joints. After identifying the stimulated motions, the subject was asked to 
practice the matched-voluntary motions before taking any recordings. This typically involved a 
few alternating practice trials of stimulation followed by a matched movement until the subject 
could qualitatively produce the same voluntary finger motion as the stimulated motion.  
A custom triggering circuit was built to allow synchronization between the beginning of 
the electrical stimulation, ultrasound recording, optical motion capture. Due to a limitation of the 
ultrasound system buffer, only a maximum of ~18 seconds of video could be recorded 
continuously before having to stop and save the ultrasound images. Therefore, to be safely under 
the limit, separate consecutive trials of 16 seconds were recorded for each stimulated or 
voluntary-matched experimental condition. For a single stimulated trial, the stimulation train was 
programmed with 1 second of starting delay, and then 5 repetitions of 1 second of stimulation 
and 2 seconds of rest. During every rest period, the subjects were asked to extend their fingers 
back to the neutral baseline position and fully relax before the next stimulation. The stimulated 
motion was repeated for a total of three trials to obtain a total set of 15 stimulated flexion events. 
Following the set of stimulated movements, three matched-voluntary motion trials were also 
recorded for a total duration of 16 seconds each. During each set of voluntary motions, a 1 beat 
per second metronome was used to help the subjects to time the flexion and extension of the 
voluntary movement on alternating beats. This resulted in 6~7 flexions per trial or 18~21 total 
flexions for each voluntary movement set. This overall procedure was repeated for each of the 
stimulated and corresponding matched-voluntary motions, resulting in a minimum of 12 
ultrasound and motion capture recordings per subject with two sets of motions.  
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Data Processing 
Joint Angle Kinematics 
The location and rotation of the wrist rigid body was used as the origin of the marker data 
so that all the motions were in a similar starting orientation. The angle of each of the MCP, PIP, 
and DIP joints were calculated based on the joint marker and its two adjacent markers as 
reference. The angle was defined so that a straight, neutral finger position was 0° and flexion 
from this posture resulted in a negative angle. The resultant joint kinematic data were then used 
to obtain the timing of the start and end of every voluntary flexion movement. The angular 
displacement (𝜃𝜃(𝑡𝑡)) of all the joints were averaged for a single trial, and the derivative of this 
average (?̇?𝜃(𝑡𝑡)) was calculated to find the exact time at which the overall joint motion began 
flexion (?̇?𝜃(𝑡𝑡) ≤ −0.1 °/𝑠𝑠) and then subsequently stopped before returning to neutral position. 
The start and end times of the stimulated flexion movements were taken directly from the known 
times of each 1s stimulation train. These flexion times were then used to extract the ultrasound 
image frames which matched the movement times. 
Ultrasound Deformation and Divergence Calculation 
For every movement event, the ultrasound image deformation between the start and end 
of the flexion was used as a surrogate measurement of muscle contraction. A demons image 
registration algorithm [29] was used to quantify the pixel-wise deformation between pairs of 
ultrasound images. In specific, the diffeomorphic demons algorithm [30] implemented in 
MATLAB (imregdemons()) was utilized to obtain a differentiable and invertible displacement 
vector field which prevents physically impossible transformations from occurring, such as a 
folding of the image. These 2D vector fields represent the estimated “diffusion” or movement of 
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individual pixels from one image to another, and has been previously applied during finger 
movements to detect regions of muscle tissue contraction [26].  
The displacement field from any image registration can be considered as a mapping 
function (𝒔𝒔�⃗ ) of each pixel in the moving image (𝐼𝐼𝐶𝐶) to the reference or fixed image (𝐼𝐼𝐹𝐹). If the 
image registration algorithm is accurate, a mapping function applied to the moving image is 
approximately equal to its fixed image (𝒔𝒔�⃗ (𝐼𝐼𝐶𝐶)  ≅ 𝐼𝐼𝐹𝐹). In previous uses of image registration for 
muscle ultrasound [26], only the image frames from the start and end of the motion were used for 
the deformation calculation. In the current study, 5 equally spaced images between the start and 
end of each flexion were extracted from each flexion motion (𝐼𝐼1, … , 𝐼𝐼5). These smaller time steps 
were used to isolate the smaller regional deformations of ultrasound through the flexion 
movement. The earlier image frame was considered the fixed image between each subsequent 






With multiple sequential steps, each mapping function only represents the deformation 
that occurs between steps relative to the fixed image of the pair. (e.g. 𝒔𝒔𝟏𝟏 represents the 
deformation of 𝐼𝐼1 onto 𝐼𝐼2 with respect to 𝐼𝐼1). By applying subsequent mapping functions 
recursively, it is possible to transform a deformation step to the reference coordinates of a 
previous image. 
Δ2→3,I1 = 𝒔𝒔𝟏𝟏(𝒔𝒔𝟐𝟐) 
Δ3→4,I1 = 𝒔𝒔𝟏𝟏�𝒔𝒔𝟐𝟐(𝒔𝒔𝟑𝟑)� 
Δ4→5,I1 = 𝒔𝒔𝟏𝟏 �𝒔𝒔𝟐𝟐�𝒔𝒔𝟑𝟑(𝒔𝒔𝟒𝟒)�� 
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A summation of each of these smaller deformations then represent the total deformation 
(𝑭𝑭��⃗ ) that occurs between the starting and ending image frames of a single flexion motion. 
𝑭𝑭��⃗ 𝟏𝟏→𝟓𝟓 = 𝒔𝒔𝟏𝟏 + 𝒔𝒔𝟏𝟏(𝒔𝒔𝟐𝟐) + 𝒔𝒔𝟏𝟏�𝒔𝒔𝟐𝟐(𝒔𝒔𝟑𝟑)� + 𝒔𝒔𝟏𝟏 �𝒔𝒔𝟐𝟐�𝒔𝒔𝟑𝟑(𝒔𝒔𝟒𝟒)�� 
For each experimental condition and set of movements, a single average ultrasound 
image deformation (𝑭𝑭��⃗ 𝒂𝒂𝒂𝒂𝒂𝒂) was obtained from across all the individual flexion events. The 
divergence of the deformation field was then calculated to reduce the dimensionality of the 
deformation while also better quantifying the regions of concentric expansion due to muscle 
shortening and contraction. 







The divergence of a vector field measures the flux or change of the field and can be 
related to the magnitude of a source or sink in a fluid flow. The divergence of the deformation in 
this case represents the relative expansion or contraction of the tissue at each pixel location. 
Figure 4.2 shows an overview of all the previously mentioned data processing steps. To obtain a 
more global estimate of the macro tissue movement, the original 480x480 vector field was first 
downsampled to a 24x24 vector field using a bicubic interpolation function with antialiasing. 
This smaller deformation field was used to calculate the divergence, which was then upsampled 
back to a 480x480 scalar map for a smoother appearance. Furthermore, the cubic root of a 
480x480 Hann window was used to remove the inaccurate edge effects from the divergence 
calculation. Figure 4.3 shows a sample set of voluntary and stimulated ultrasound results from a 
single subject. The sample starting ultrasound image frame is overlaid with a corresponding 
deformation field and its pseudo-color divergence result which was upsampled back to its 
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original resolution. The x-y coordinate location of this maximum divergence was obtained from 
all movement sets as a summary measure of the muscle contraction center.  
Proximal/Distal Movement Categorization 
To categorize and label the elicited movements, the previously obtained flexion times 
were also used to isolate the average flexion angular displacement of all the individual joints for 
each set of movements. These joint angles were then also used to calculate the relative proximal 
to distal activation difference at each finger. 
𝐶𝐶𝐼𝐼𝐶𝐶:𝐷𝐷𝐼𝐼𝐶𝐶 𝑅𝑅𝑉𝑉𝑉𝑉𝑅𝑅𝑡𝑡𝐴𝐴𝐴𝐴𝑉𝑉 𝐷𝐷𝐴𝐴𝑓𝑓𝑓𝑓𝑉𝑉𝐷𝐷𝑉𝑉𝐷𝐷𝐴𝐴𝑉𝑉 =
𝜃𝜃𝑃𝑃𝑃𝑃𝑃𝑃 − 𝜃𝜃𝐷𝐷𝑃𝑃𝑃𝑃 
𝜃𝜃𝑃𝑃𝑃𝑃𝑃𝑃 + 𝜃𝜃𝐷𝐷𝑃𝑃𝑃𝑃
 




). The weighted average across all four fingers and was used to categorized set 
Figure 4.2: Overview of Data Processing. For every stimulated or voluntary motion, the finger kinematics and the 
ultrasound images were obtained from a synchronized start time. The start and end flexion times were determined 
for each flexion event, and the deformation of the ultrasound image between these times was calculated. An average 
of the deformation fields from all the flexion events was then used to calculate the divergence. Numerically this 
signifies the sources and sinks from the previous vector field and is an indication of the regions of concentric 
expansion of tissue. 
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of movements as either a more proximal finger joint motion (P:D>0) vs a more distal one 
(P:D<0). Relative differences close to 0 also suggest movement of both joints in a similar range. 
Data Analysis 
The Pearson’s correlation coefficient (𝐷𝐷𝜕𝜕𝐴𝐴) between the stimulated and matched-voluntary 
flexion displacement across all the joints (n=12) was calculated as a measure of correctly 
Figure 4.3: Sample Ultrasound Deformation and Divergence for a Single Subject. Each image represents the total 
image deformation and divergence from each stimulated location and its matched-voluntary movement. The red 
triangles indicate the precise location of the maximum divergence value. Rows represent a single stimulated motion 
pattern, and the columns represent the movement condition. Of note is the bottom row which also contains an 
example of divergence maps with two distinct local maxima. 
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matched finger movement. Additionally, the similarity between the stimulated and matched-
voluntary ultrasound was compared using two additional metrics. The first metric calculated the 
2D correlation between the two paired divergence maps, and the second calculated the paired 
distance between the maximum divergence locations. For a statistical test, the paired distance 
values were compared to the distribution of distances between two randomly selected points of a 
46 mm square. This estimated probability density function represents all the possible distances 
between two points within the limits of a 46 mm box as well as the statistical likelihood that two 
points are the same as random. Lastly, the overall distribution of the depth of the contraction 
locations across all motions was checked for unimodality. Hartigan’s Dip Test Statistic [31,32] 
was used to demonstrate whether the muscle contraction depth across all subjects was unimodal 
or not.  
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Results 
All subjects were able to produce some finger movement via proximal nerve stimulation. 
From all the participants, one subject’s motion capture data was irresolvable due to extensive 
missing marker positions and was therefore excluded from further analysis. At least two distinct 
stimulated motions were then obtained from most of remaining the subjects (10 of 11). Of the 
subjects for whom at least 2 stimulated motions were recorded, at least one qualitatively 
proximal and one qualitatively distal motion was found. In one subject, three distinct motions 
could be induced, and so an extra set of data was obtained. In total, 22 total sets of stimulated 
and voluntary matched motions were obtained, along with their corresponding ultrasound data. 
Figure 4.4 shows a sample of the paired joint kinematic data, as well as a histogram of all the 
correlation coefficients across different trials. For an N of 12 (joints), a correlation coefficient 
Figure 4.4: Correlations between Stimulated and Voluntary Matched Motions. A) Sample Joint Motion Correlation 
between stimulated and Voluntary-Matched data. The colored bars indicate the average angular displacement of 
each joint across all flexion events, and the error bars indicate the standard error of each set of displacements. The 
shown rxy value is the sample correlation coefficient. B) Correlation Histogram of Joint Kinematic Matching and 
Divergence 2D Maps. Blue bars represent the correlation coefficients from all the paired kinematic comparisons of 
all motion patterns and subjects. Red bars represent the 2D correlation coefficients between the divergence heat 
maps of the pairs of stimulated and voluntary ultrasound. 
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above 0.576 is significantly different (α = 0.05) from 0. Only three motion sets did not meet this 
criterion, demonstrating that most stimulated motions (19 of 22) were successfully matched 
during the subsequent voluntary motion trials. Additionally, the distribution of the 2D correlation 
coefficients between the ultrasound divergences was also calculated and is shown in Figure 4.4B. 
Most of these correlation values are over 0.6, indicating a strong correlation between the 
ultrasound divergence of the stimulated and voluntary motions.  
Visual inspection of the source ultrasound videos shows the maximum of the divergence 
corresponds well to the center of muscle contractions. However, in multiple cases the calculated 
divergence resulted in two distinct local maxima, which corresponded to cases where both the 
FDS and FDP were contracting in similar amounts. For example, the second row of Figure 4.3 
(labeled Index – Distal) shows qualitatively similar regions of red shaded regions of divergence 
but mismatched absolute maximum locations. To better evaluate all regions of muscle 
contraction present in the divergence maps, the coordinate locations of the second largest local 
maxima within 50% of the first largest maximum value were additionally extracted (n=8). 
Across all the different motions, the muscle contraction shown in the ultrasound was 
further compared between the paired data sets by calculating the distance between the divergence 
maxima of the stimulated and matched voluntary data. To avoid bias, only the first (largest) 
maximum location was used, and Figure 4.5 presents these paired distances from every motion 
and subject. Figure 4.5A shows all the paired peak locations between the two movement 
conditions with lines linking the two. The mean ± standard deviation of the peak distances is 
0.791 ± 0.692 cm, which suggests that the calculated contraction locations between the two 
motion conditions were generally small and close to zero. Figure 4.5B alternatively shows the 
histogram distribution of all the distances between the two paired peak locations. Additionally, 
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as a measure of statistical probability, these distances were compared with an estimated 
distribution of randomly selected pairs of coordinates within a 46 mm square. Starting from 
assumption that two uncorrelated points should be randomly distant from one another, 
comparing the distance between the stimulated and matched-voluntary divergence locations 
against random should lend insight into the correlation of the two points. Based on this 
distribution of bounded distances, less than 5% of two randomly selected points are at a distance 
that is smaller than 1.163 cm. Paired locations with distances which are smaller than this value 
could then be considered probabilistically non-random, correlated points (with 95% certainty). 
Of the 22 paired sets of motions, 14 showed distances which were less than 1.163 cm, and 
therefore can be considered significantly different from random. Of the remaining 8 motions, 3 
of the paired motions were also those which were not well kinematically matched from the 
Figure 4.5: Distance of Maximum Ultrasound Divergence Locations between the Stimulated and Voluntary-
Matched Motions. A) Relative locations of all the maximum divergence from all subjects and motion patterns. Blue 
squares are the stimulated locations and orange triangles are the voluntary-matched locations. Bars linking the 
relevant pairs have also been included and are shaded based on the closeness of the points. Darker linkages indicate 
shorter distances. B) Histogram of all paired distances. Colors of bars also correspond to the color of linkages in (A). 
The red bar indicates the distance below which two points have a less than 5% chance of being random and 
uncorrelated. 
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previous section. Furthermore, 4 of the remaining 5 paired locations also includes cases where 
two local maxima are present in both stimulated and voluntary ultrasound divergence, but upon 
visual comparison, the larger peak is mismatched between the paired set. Consequently, these 
comparisons show that the ultrasound tissue movement caused by the stimulation is also well 
matched with the voluntary motion, and additionally suggests that the maximum divergence 
location is a valid metric of transverse ultrasound muscle contraction. 
Lastly, as an overview of all the stimulated ultrasound motions across all subjects, a 
histogram of the depth of all divergence maxima was used to visualize the distribution of 
stimulated muscle contractions (Figure 4.6A). Although, the ultrasound probe placement was 
standardized across all subjects, shifts in the radial location of the probe leads to variations in the 
Figure 4.6: Histogram of Ultrasound Divergence Depths and Relative Joint Differences. A) The depth, or y-axis 
location, of the divergence maxima of all stimulated motions were included to show the distribution of contraction 
locations. Green and yellow bars indicate movement sets which had a single divergence maximum, and the gray bars 
indicates counts where two maxima were present. The y-axis direction has been reversed so that the histogram bar 
locations corresponds to the depth of the ultrasound with the skin layer at the top B) The relative difference between 
the displacement of the PIP and DIP of all stimulated motions were included to show the distribution of kinematic 
patterns. Green and yellow represent the same single maximum trials from (A), and the gray bars similarly represent 
the same dual maxima trials. 
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x-axis location of the muscle tissue movement. However, as the main intention of the ultrasound 
placement was to view both the FDS and FDP muscles, it is reasonable to assume that the y-axis 
location, or depth, of the tissue movement can be used to differentiate between two muscles 
during finger flexion. Therefore, the depths of all divergence maxima were included Figure 4.6. 
As previously described, many of the divergence maps contained two maxima corresponding to 
the contraction of both the FDS and FDP muscles. To differentiate between the two conditions, 
the motions which resulted in dual maxima are shown dark gray bars, and the those which only 
had a single maximum are colored in green/yellow. In addition to the count of divergences 
within each bin depth, the colors of the bars also indicate the P:D difference of the different joint 
motions. The expected result would be that the motions with a P:D Difference > 0 (Green), 
would be shallower (further up) due to the greater activation of the FDS muscle for PIP 
movement. Conversely, motions with a P:D Difference < 0 (yellow), would have a deeper 
divergence maximum location (further down) due to more of the FDP muscle activating for 
greater DIP movement. Figure 4.6A visually shows that this is true for the colored movements 
with a single divergence maximum, and the overall distribution also shows two distinguishable 
modes at different depths. For further statistical analysis, this distribution of depths was 
calculated to have a dip statistic of 0.083, and a corresponding p-value of 0.091. This p-value 
suggests that the distribution of maximum divergence depths is non-unimodal with marginal 
significance (0.05 > p > 0.1). In general, this bimodal distribution of divergence depths supports 
the presence of two separately stimulated muscles. 
An alternate analysis of the distribution of the relative PIP and DIP angle displacement 
differences is shown in Figure 4.6B. The same data from Figure 4.6A was re-binned based on 
relative P:D difference, which represents the overall kinematic pattern that was induced. Single 
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divergence motions were labeled as either superficial or deep based on the depth of the 
divergence relative to the two modes of 6A. As these motions were already well separated, all 
the single divergence motions which had a positive P:D difference were also superficial, and vice 
versa. The gray bars again indicate the movements which had two local maxima, and these 
movements notably cluster very closely to 0 (aside from two outliers), which indicates a relative 
activation of the PIP and DIP joints at very similar levels. Additionally, the distribution of the 
relative differences shows a much wider positive tail than negative. This suggests that 
movements which are more distal are more likely to be coupled together with DIP and PIP 
motion. Overall, the two distinct muscle contraction locations shows that the stimulation can 




In the current study, transverse ultrasound was used to quantify the contraction of finger 
flexor muscles caused by electrical stimulation of the ulnar and median nerve bundles. The 
divergence of the ultrasound image deformation was calculated to quantify the movement of the 
underlying tissue. Our results demonstrated that across a variety of stimulated finger motions, 
muscle contraction in the ultrasound images coincided with a bimodal distribution of tissue 
depths. This corresponds to the expected activation of the FDS and FDP muscles which control 
the PIP and DIP finger joints, respectively. Evidence of the dual activation of both superficial 
and deep finger flexor muscles confirms the increased functional utility of the proximal nerve 
stimulation method. The activation of both muscles can help improve joint coordination during 
electrical stimulation and can also elucidates possible mechanisms of observed delays in force 
decline when utilizing proximal nerve stimulation. 
Ultrasound Imaging for Muscle Activation Detection 
Transverse ultrasound was chosen for its ability to distinguish between different regions 
of tissue movement which was necessary to identify the locations of muscle contraction during 
finger flexion. Preliminary testing with intramuscular EMG recordings showed that muscle 
activation does correspond to the contraction of the transverse muscle ultrasound. To further 
quantify these regions of contracting tissue, the demons algorithm for image registration was 
used to obtain the deformation of the ultrasound image during flexion. This current method was 
adapted from the preliminary study by Shi et al. [26], which used the deformation field to extract 
features of the ultrasound to use in classification of different finger motions. Various other 
studies have also utilized ultrasound to classify finger motions. For example, Sikdar et al. 
correlated the pixel-wise differences in the changing ultrasound images during movement to 
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classify finger motions [33], whereas Huang et al. has utilized feature extraction techniques on 
ultrasound to identify which fingers were moving [24]. Like other methods of finger motion 
detection using ultrasound, this approach does not explicitly identify the exact location of the 
muscles in each image, as their aim was to classify the finger motion itself. However, as the main 
purpose of this study was to specifically identify which muscles were contracting due to the 
electrical stimulation, a modified approach was used to localize the regions of muscle 
contraction. As the deformation field itself represents the “flow” or movement of individual 
pixels between the moving image and its fixed reference, it follows that the divergence of the 
vector field represents the sources and sinks of the most deformation. In relation to the skeletal 
muscles in the ultrasound image, these sources visually correspond to the cross-sectional regions 
of muscle which show the most expansion due to concentric contraction.  
Comparing the divergence maps of the stimulated and matched-voluntary motions 
showed that the regions of tissue movement are highly correlated between both conditions 
(Figure 4.4B and Figure 4.5). One interpretation of these results is that the two kinematically 
matched movements originate from the same muscle contractions. The various finger flexion 
patterns elicited by the electrical stimulation activates different sets of muscles, and then when 
voluntarily matching the flexion patterns, the subjects are recruiting the same sets of muscles. 
Although this seems obvious from the standpoint of the biomechanics and function of skeletal 
muscle, in the case of the electrical stimulation, it has only so far been assumed that the same 
functional set of muscles was activated for a specific movement. Additionally, the matched 
divergence also lends support to the use of the deformation and divergence to quantify muscle 
contraction. Voluntary motion must be functionally paired with corresponding voluntary muscle 
contraction, and therefore the changes seen in the ultrasound must also correspond to 
102 
morphological or structural changes in specific muscles and not simply passive movement of 
other tissues. Subsequently, as these motions are kinematically matched with each original 
stimulated motion (Figure 4.4), the resultant similarity of the divergence also supports the 
conclusion that the divergence indicated active contraction of muscle tissue rather than just 
passive movement of connective tissues or other muscles. 
Muscle Activation via Functional Electrical Stimulation 
As previously described, conventional FES for finger flexion places electrode over the 
muscles in the forearm to produce stimulated movements. However, due the anatomy of the 
different muscles, the more superficial FDS muscle, which controls the PIP joint, is much more 
easily accessible from surface stimulation than the deeper FDP muscle, which controls the DIP 
joint [9,12]. Alternative ways to activate the deeper FDP muscle involve more invasive 
percutaneous stimulation methods [34]. In the current study, stimulation of the median and ulnar 
nerve bundles proximal to the elbow elicits motions which can involve either more proximal or 
more distal joint flexions. The bimodal distribution of muscle activation depths shown in Figure 
4.6 strongly supports our hypothesis that the stimulation can independently activate both the FDS 
and FDP muscles. Compared to conventional FES methods, stimulation of the proximal nerve 
bundles targets the motor axons before they branch into separate muscles, and therefore can 
activate multiple sets of muscles from a single electrode pair.  
The activation of both the FDS and FDP muscles through electrical stimulation is 
significant for several reasons. First, activation of both muscles enables a more coordinated 
movement of the PIP and DIP joints, which allows for a more natural flexion of the fingers when 
holding objects [35]. Second, the shared muscle activity also contributes to grip force across 
multiple joint levels, and so the load is shared among the muscles. When larger forces are 
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required, this total activation of the hand through proximal nerve stimulation may provide a 
much larger grip strength when compared to conventional FES methods. Finally, a previous 
study using the proximal stimulation method has also shown that when compared to a 
conventional stimulation location over the forearm, the proximal stimulation significantly 
reduced the amount of force decline over prolonged stimulation of the muscles [18,36]. For 
smaller repeated motions, the shared activation of multiple muscles could lower the force burden 
on any single muscle and result in a reduced rate of force decline due to muscle fatigue. Overall, 
the ability to activate multiple muscles increases the utility and benefits of the proximal nerve 
stimulation. 
Limitations 
One limitation of the current work was the downsampling of the deformation to obtain a 
more global divergence calculation. This was completed so that only the major regions of tissue 
movement could be extracted and used for the depth comparison. However, although the 
divergence maxima were valuable in identifying single locations of muscle contractions, other 
smaller features of the divergence may have been lost from the reduction in resolution. 
Additionally, the use of only the maximum positive divergence was chosen based on preliminary 
testing and visual inspection of the ultrasound videos. However, it is possible that for different 
locations along the forearm or for some subjects the negative divergence, or convergence, 
location could be more accurate. Depending on the compartment anatomy of the FDS and FDP, 
the cross-sectional region of skeletal muscle could either expand concentrically or be pulled out 
of plane and appear to shrink inward. Further work on the use of ultrasound divergence to 




This study investigated whether non-invasive proximal nerve stimulation can activate 
both the superficial and deep extrinsic flexor muscles in the forearm. The stimulation was able to 
variably elicit motions of the proximal and/or distal joints of different fingers, which across all 
subjects demonstrated a distinct bimodal separation of muscle contraction depth. These results 
support the diverse utility of the proximal nerve stimulation method in eliciting more natural 
grasp patterns with coordinated multi-joint movements. This may lead to better functional 
outcomes when used as a rehabilitative tool by training multiple muscles and by also decreasing 
the fatiguability of the stimulation. Future FES systems utilizing the proximal nerve stimulation 
method could enable prolonged use and better finger prehension than existing systems.  
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CHAPTER 5 : DISCUSSION 
After a neurological injury, upper extremity weakness and hand impairment greatly 
impact an individual’s independence. The application of electrical stimulation is a commonly 
utilized method for restoring function to paralyzed limbs, especially when there is a major loss of 
descending drive from the central nervous system [1]. However, conventional stimulation 
methods over a muscle are typically characterized by the rapid decline in force capacity with 
prolonged stimulation as well as limited access to deeper muscles [2]. To help mitigate these 
issues, this project developed and evaluated an alternative neuromuscular electrical stimulation 
method for control of the hand. In the first aim, a high-density electrode array was used to 
quantify the range of available motions elicitable via transcutaneous proximal nerve stimulation 
of the median and ulnar nerves. A variety of single and multi-finger force patterns with a large 
amount of redundancy and overlap was produced across subjects, demonstrating the method’s 
flexibility. In the second aim, the muscle fatigue caused by the proximal nerve stimulation 
method was directly compared to that of the traditional motor point stimulation method. Our 
results showed the proximal nerve stimulation could reduce the relative rate of force decline, 
suggesting the method could lead to applications with longer duration of use and efficacy. Lastly, 
in the third aim, transverse ultrasound was used to quantify which muscles could be activated 
during electrical stimulation. The proximal nerve stimulation method demonstrated separate and 
concurrent activation of the FDS and FDP muscles, confirming the method’s utility in generating 
complete grasp patterns of all the joints in the hand. This chapter will overview the implications 
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of the previous chapters as well as discuss the utility and limitations of our transcutaneous 
proximal nerve stimulation method. 
Advantages and Utility of the Transcutaneous Nerve Stimulation Method 
The results of Chapter 2 and that of our preliminary work [3] showed that transcutaneous 
electrical stimulation of the median and ulnar nerve bundles near the biceps can elicit a variety of 
single and multi-finger activation patterns. By targeting the nerves prior to their branching into 
the various muscles of the hand, multiple sets of nerve fibers innervating different muscles can 
be depolarized simultaneously at a single location. Local bipolar stimulation from different pairs 
of electrodes is potentially directing the current to selective portions of the underlying nerve and, 
by chance, activate a set of nerve fibers which activates a single muscle for a single finger, or 
group of muscles across multiple fingers. This selectivity of different muscles is likely possible 
due to the topographical organization of the fascicles in each nerve [4,5], which has been shown 
to be partially grouped by target muscles. The placement of the high-density electrode array does 
not require precise placement to elicit these variations of finger force patterns. Across all the 
experiments, electrodes were generally placed in the same locations along the medial groove 
between the flexed biceps and triceps muscles. This stimulation location anecdotally showed 
similar patterns of finger activation both across different subjects, and within the same subject 
during different experiments. 
In contrast to proximal nerve stimulation, traditional motor point stimulation methods 
target only a distal branch of the motor nerve as it enters its corresponding muscle. Although this 
allows for a very selective one-to-one mapping of an electrode stimulation location with its 
corresponding movement, for this reason, some prerequisite expertise is also necessary for 
proper targeting and placement of electrodes for each the hand muscles [6]. Additionally, the 
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tradeoff for this selectivity with motor point stimulation is the need for larger stimulation 
electrodes to activate more of a single muscle, or multiple electrodes to stimulate different 
muscles [7]. In this regard, however, certain muscles such as the deeper extrinsic flexor muscles 
in the forearm are not accessible for motor point stimulation, preventing full prehension of the 
fingers [8]. Our ultrasound results in Chapter 4 demonstrate the capabilities of the nerve 
stimulation technique to selectively activate both the superficial and deep extrinsic flexor 
muscles. Flexion of the DIP joints is mainly controlled by the deeper FDP muscle, and therefore 
is an important factor in different grasps of the hand. For example, during typical power grip, the 
distal joints flex after the proximal joints so that the fingers can wrap around an object or handle 
to secure it within the palm of the hand [9]. In other situations that require a hook grip to pull or 
suspend objects, the combined flexion of the PIP and DIP joints create the necessary prehensile 
hook to hold onto the object. The proximal nerve stimulation method can improve upon the 
utility of FES systems by using the electrode array to find the desired motions and enabling more 
natural grasp patterns. 
Lastly, the results of Chapter 3 highlight the slower decline of force in the proximal nerve 
stimulation approach compared with the conventional motor point stimulation. Neuromuscular 
electrical stimulation typically causes rapid fatigue of muscles and a subsequent decline in force 
output capacity of a muscle at a given stimulation input [10]. This effect is mainly caused by the 
non-physiological recruitment and synchronized firing of motor units which bypasses the fatigue 
reducing mechanisms normally present during voluntary contraction. Although these causes of 
neuromuscular fatigue are likely present in both motor point and nerve electrical stimulation, the 
proximal nerve stimulation method also demonstrated other possible avenues of fatigue 
reduction. The first mechanism potentially comes from the overall observation of distributed 
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muscle activation across different motor units and different muscles. By spreading out the 
activated motor units more heterogeneously, the synchronously contracting muscle fibers could 
lessen the metabolic stress on the nearby tissue, lowering the local substrate usage and 
metabolite accumulation [11]. The second mechanism of reduced fatigue with proximal nerve 
stimulation may come from the activation of afferent pathways in the spinal cord. Stimulation of 
the nerve bundle depolarizes both efferent and afferent nerve fibers, and afferent fibers can also 
cause reflex loop activation of the alpha motoneurons, which would then recruit in a 
physiological manner[12]. Overall, decreased fatigue could allow for greater rehabilitative 
training efficacy with longer training times, and for future FES or neuroprosthetics applications. 
Less fatiguability could also allow for more consistent force production over the duration of use. 
Limitations of the Transcutaneous Nerve Stimulation Method 
One of the major limitations of the transcutaneous nerve stimulation method is the 
impermanence of the available set of finger flexion patterns between stimulation sessions. Even 
though the placement of the stimulation array is consistent, the exact replication of the 
movements elicitable at specific electrode pairs is not practically feasible. Therefore, it is best to 
assume that the exact activation map of the stimulation electrode array changes with every new 
placement. However, Ch. 2 demonstrated that similar force patterns are elicitable between 
subjects. Although not the main purpose of study, Ch. 3 also demonstrated that specific joint and 
finger isolated movements could be consistently found in most subjects. This repeatability and 
redundancy of the elicitable motions suggests that the proximal nerve stimulation is highly 
generalizable to different placements of the stimulation array. Additionally, the automated search 
method of Chapter 2 also provides a framework to addressing this issue so that a rapid 
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characterization of the proximal nerve stimulation is possible, minimizing the limitations of a 
changing electrode activation map. 
Although not necessarily a limitation of the proximal nerve stimulation method, the focus 
of this dissertation was restricted to the exploration of median and ulnar nerve stimulation solely 
for the flexion of the hand. This developmental decision was made mainly to focus on the more 
relevant component to object manipulation and grip, but it is important to note that in the 
absence of an effective means to extend the fingers, the impact of this work is functionally 
limited. Impairment of the hand impacts all its functions,  but finger extension deficits are often 
reported to be greater than in finger flexion [13,14]. Extension of the fingers and opening of the 
hand is also crucial to position and preshape the fingers at the beginning of a grasp. The 
candidate for proximal nerve stimulation for finger extension is the radial nerve as it innervates 
the various extensor muscles of the hand and wrist. Radial nerve stimulation has been tested and 
developed in parallel by other members of our group, and current results (in review) show that 
stimulation proximal to the medial epicondyle can elicit a variety of wrist and finger extension 
movements. With further development, these two stimulation locations could be combined to 
elicit a full range of activity in opening and closing the hand. 
Future Directions 
Moving forward, an immediate goal for the proximal nerve stimulation approach is the 
standardization of stimulation electrode placement to improve upon the consistency of elicitable 
motions. A high-density electrode array holder is currently in development to both help shorten 
the time need for the overall placement of the electrodes, as well as improve upon the individual 
tangential forces applied to the electrodes themselves. An additional direction for this work is to 
better characterize the charge-force relation at multiple different electrode pairs so that both the 
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force gradation and finger selectivity can be better understood at different levels of current 
amplitude. Relatedly, a better understanding of the dispersal of electrical charge within the arm is 
necessary to understand how the stimulation at different electrodes can activate different nerve 
fibers. An ongoing project currently aims to model the electrical stimulation at the arm with the 
goal of understanding how to better target the nerve bundles. To start, this project will create a 
realistic 3D model of the arm by segmenting an MRI of the upper arm. Finite element modelling 
will then be used to simulate the distribution of current density within the skin and underlying 
tissue at different stimulation locations.  
With an improved method of electrode placement and movement pair identification, 
open-loop control of stimulated force trajectories will be tested to examine the feasibility of the 
proximal nerve stimulation for a specific force task. This is the first steps necessary for the 
development of a therapeutic application of the proximal nerve stimulation as an alternative FES 
approach. With further refinement, the transcutaneous nerve stimulation method could be used 
for the real-time control of the finger muscles based on the user’s intent. This neuroprosthetic 
device could restore the lost functions of the hand and allow individuals with neurological injury 
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